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SI Materials and Methods
Primary Tissues and Cell Lines.All human breast tissue procurement
for these experiments was obtained in compliance with the laws
and institutional guidelines, as approved by the institutional re-
view board committee from Beth Israel Deaconess Medical
Center and Tufts University School of Medicine. Noncancerous
breast tissues for generation of primary mammary cells, primary
human mammary epithelial cell (HMEC) lines, normal out-
growths, and tumors were obtained from patients undergoing
elective reduction mammoplasty at Tufts Medical Center or Beth
Israel Deaconess Medical Center. Primary HMEC-1, HMEC-2,
and HMEC-3 lines were derived from reduction mammoplasty
tissues harvested from discarded material at the University of
North Carolina, Chapel Hill, (UNC) using institutional review
board-approved protocols. The derivation of the HME-CC and
ME16C lines has been described previously (1). MCF10A,
MCF12A, MCF12F, and HaCAT cell lines were purchased from
ATCC. Primary HMEC cells and MCF10A cells were cultured in
mammary epithelial growth medium (MEGM Bullet Kit; Lonza
Corporation): mammary epithelial cell basal medium supple-
mented with bovine pituitary extract (52 μg/mL), hydrocortisone
(0.5 μg/mL), human EGF (10 ng/mL), and insulin (5 μg/mL).
MCF10A cells were further supplemented with cholera toxin
(100 ng/mL). Primary HMEC-1, HMEC-2, and HMEC-3 lines
used for microarray analysis were maintained in HuMEC me-
dium with supplements (Gibco/Invitrogen). MCF12A cells were
grown in DMEM:F12 supplemented with human EGF (20 ng/
mL), cholera toxin (100 ng/mL), insulin (10 μg/mL), hydrocor-
tisone (0.5 μg/mL), and 5% horse serum. MCF12F cells were
further supplemented with 0.04 mM Ca2+. The HaCAT cell line
was grown in DMEM supplemented with 10% FBS.

Breast Epithelial Cell Isolation and Culture. Breast tissues were
minced and enzymatically digested overnight with a mixture of
collagenase and hyaluronidase as previously described (2, 3).
Digested cells were plated briefly in serum (1–2 h) to deplete
mammary fibroblasts from the organoid fraction. The organoids
remaining in suspension were dissociated by trypsinization and
filtered with a 40-μm filter (BD Biosciences) to remove residual
clustered cells. To generate cultured variant HMEC (vHMEC)
lines and growth curves, single-cell suspensions (120,000–250,000
cells) were plated and allowed to form colonies in MEGM
(Lonza Corporation) for 9–14 d. Cells from colonies were pas-
saged two to three times and then 250,000 cells were plated
on 10-cm plates and grown without trypsinization for 2+ wk to
allow for emergence of vHMEC cells. After vHMEC cells
emerged, cultures were trypsinized and counted weekly; 500,000
cells were plated on 10-cm plates and allowed to grow for up to
100 d. All cultures were maintained in MEGM for the duration
of the growth curve. Population doublings were calculated as
previously described (4). HMEC cell lines derived from variants
were immortalized with the catalytic subunit of human telo-
merase as previously described (5).

Immunomagnetic Bead Sorting. Single-cell suspensions of breast
epithelial cells were sorted with CELLection pan-mouse IgG
magnetic beads (Dynal; Invitrogen) conjugated to an anti-CD10
antibody (clone SS2/36; Dako and Santa Cruz Biotechnology)
according to the manufacturers’ instructions and as described
previously (6). CD10+ cells were released from the beads by
DNase treatment according to the manufacturer’s instructions
and by incubation with occasional agitation at 37 °C for 10 min;

additional DNase I (5 μg/mL; Roche) was added to facilitate bead
release if necessary. Cells that did not bind to the CD10 beads
were further sorted with magnetic beads conjugated to an anti-
EpCAM antibody (clone VU-ID9; Abcam and AbD Serotec).
Positive cells were again released by DNase treatment. Viable
cells (verified by trypan blue exclusion) from fractions enriched
with unsorted, basal/myoepithelial (ME)-lineage (CD10+) and
luminal-lineage (EpCAM+CD10−) cells were used for in vitro
and in vivo experiments as described below. For sorting of
CD49f+/− cells, EpCAM+ bead-sorted cells were further sorted
by binding of CD49f antibody (clone 450–30A; AbD Serotec)
followed by binding of pan-mouse IgG CELLection beads. Beads
were released from positively sorted cells as described above.

Flow Cytometry. Unsorted cells from organoid preparations were
dissociated to a single-cell suspension as described above and
filtered through a 20-μm nylon mesh (Millipore). Endothelial,
lymphocytic, monocytic, and fibroblastic lineages were depleted
with antibodies to CD31, CD34, and CD45 (all from Thermo
Scientific), fibroblast-specific protein IB10 (Sigma), and a mix-
ture of pan-mouse IgG and IgM Dynabeads (Dynal; Invitrogen)
according to the manufacturers’ instructions and as described
previously (7). Lineage-depleted single-cell suspensions or cells
from immunomagnetic bead-sorted populations were resus-
pended at 1 × 106 cells per mL in PBS containing 1% calf serum
(FACS buffer) and bound with fluorescently conjugated anti-
bodies to human EpCAM (allophycocyanin), CD24 (FITC; BD
Biosciences), CD49f (PerCP-Cy5.5; Biolegend), and CD10
(phycoerythrin; Dako) for 20 min at 4 °C. Antibody-bound cells
were washed and resuspended at 1 × 106 cells per mL in FACS
buffer and run on a FACSCalibur flow cytometer (BD Bio-
sciences). Flow cytometry data were analyzed with the FlowJo
software package (TreeStar).

Suspension and Adherent Colony-Forming Assays. Viable cells from
single-cell suspensions of immunomagnetic bead-sorted cells
were plated at 10,000–15,000 cells per mL in 6-well plates for
adherent colony growth in MEGM or at 10,000–20,000 cells per
mL in 6-well ultra-low attachment plates (Corning) in MEGM
minus the addition of bovine pituitary extract for nonadherent
(sphere) growth. Colonies were allowed to form for 8 d, after
which nonadherent spheres from adherent and nonadherent
cultures were collected for analysis. Adherent colonies were
fixed in methanol and stained with crystal violet for assessment
of colony number (colonies >10 cells).
Sphere numbers were quantified with a Multisizer 3 Coulter

Counter (Beckman-Coulter) that provides number and size dis-
tributions with an overall sizing range of 14–336 μm. Spheres
were collected and pelleted at 150 × g for 5 min and resuspended
in 1 mL of freshly filtered growth media. Suspensions of spheres
were diluted in 20 mL of 6:4 isoton II:glycerol diluent (Beckman-
Coulter) and run in triplicate on the Multisizer 3.

3D Collagen Gel Assays and Skin Equivalent Cultures. For 3D colla-
gen gel assays, rat-tail collagen was diluted to 1 mg/mL with 5 mM
glacial acetic acid and brought to pH 7.0 with 0.01 M NaOH.
Wells of 4-well chamber slides (BD Falcon) were coated with
100 μL of collagen and allowed to set at room temperature for
20–30 min. Then, 10,000 unsorted, immunomagnetic bead-sor-
ted cells or first-passage (P1) CD10+, variant CD10+ (vCD10+),
MCF10A, or HaCAT cells (where indicated) were plated in
1 mL of MEGM containing 2% Matrigel (BD Biosciences) per
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well, in triplicate. Structures were allowed to form on top of the
collagen gels for 12–16 d with media changes every 4 d. Struc-
tures were quantified under a microscope at 100× magnification.
Human skin equivalents (HSE) were grown as previously de-

scribed (8). Briefly, 5 × 105 CD10+ sorted epithelial cells grown
for 9–11 d (P1 CD10+), vHMEC cells derived from CD10+ cells
(vCD10+), immortalized vHMEC cells grown from unsorted
cultures, or MCF10A cells were overlaid onto a contracted col-
lagen gel embedded with human foreskin fibroblasts. Cultures
were allowed to grow for 4 d in epidermalization I medium
followed by 2 d in epidermalization II medium and 2–7 d in
cornification medium, whereupon cells were grown at the air–
liquid interface to promote cornification. Tissues were fixed in
10% formalin for 1 h for paraffin embedding or incubated in a 2
M sucrose solution followed by embedding in O.C.T. medium
(Tissue-Tek) for processing for frozen tissue sections. Human
keratinocytes were used as a positive control.

Lentivirus Production and Infection. Lentiviral constructs (CSCG
vector, pLENTI-KRASG12V, pLenti-CMV-PIK3CA-myr+CMV-
CCND1, and pLenti-CMV-SV40er) used for gene transduction
into HMECs have been described previously (9). To create the
CSCG-p53R175H construct, a wild-type human p53 cDNA clone
was generously provided by Josh LaBaer (Harvard Institute of
Proteomics, Harvard Medical School). Site-directed mutagenesis
was used to change amino acid residue 175 from R to H, and the
mutated gene was then cloned with standard cloning techniques
into the self-inactivating CSCG viral vector. Lentiviral particles
were generated by transient cotransfection of the vector con-
struct with the vesicular stomatitis virus glycoprotein (VSV-G)–
expressing construct pCMV–VSV-G and the packaging con-
struct pCMV ΔR8.2Δvpr (10) (generously provided by Inder
Verma, The Salk Institute, La Jolla, CA) into 293T cells with the
FuGENE 6 transfection reagent (Roche). High-titer stocks of
the virus were prepared by ultracentrifugation at 100,000 × g.
Freshly dissociated unsorted cells and cells sorted by immu-

nomagnetic beads were infected in suspension with concentrated
lentiviruses through modification of the procedures described in
Proia and Kuperwasser (3) and Welm et al. (11). Briefly, cells
were plated in wells of a 24-well nonadherent plate at 1 × 106

cells per mL in the presence of 5 μg/mL protamine sulfate
(Sigma) and concentrated lentiviral particles at a multiplicity of
infection of 3. Infection was carried out overnight for ∼16–18 h.
Infected epithelial cells were collected, and aggregates were
broken apart by pipetting with a p1000 tip. Cells were washed
twice with PBS, and viable cells were counted by trypan blue
exclusion. Infected cells were washed further upon comixing with
fibroblasts for injections into mice as described below.

Animals and Surgery. All animal procedures were conducted in
accordance with a protocol approved by the Tufts University
Institutional Animal Care and Use Committee. A colony of
immunocompromised NOD/SCID mice was maintained in house
under aseptic sterile conditions. Mice were administered auto-
claved food and water ad libitum. Surgeries were performed
under sterile conditions, and animals received antibiotics in the
drinking water up to 2 wk after all surgical procedures.
Female 3-wk-old NOD/SCID mice were anesthetized, and the

mammary epithelium was removed from the fourth inguinal
mammary glands. Concurrently, mammary fat pads were hu-
manized by the introduction of a 50:50 mixture (5 × 105 total cells
per gland) of untreated human mammary fibroblasts over-
expressing hepatocyte growth factor (HGF) (RMF-EG/HGF
cells) and RMF-EG/HGF cells that had been treated with 2 mU/
mL bleomycin sulfate (Calbiochem/EMD Biosciences) for 30
min at 18–24 h before surgery. At 2–4 wk posthumanization,
viable GFP virus or oncogene virus-infected cells (100,000 per
gland) were comixed with RMF-EG/HGF cells (2.5 × 105 per

gland) in a 1:1 mixture of collagen and Matrigel (BD Bio-
sciences) and injected into humanized fat pads as described
previously (2, 3). Transformation of human telomerase reverse
transcriptase (hTERT)-immortalized variant human breast epi-
thelial cells (vHMLER) were generated through the serial in-
fection of the SV40 early region and RasV12 as previously
described (5). Cells were grown in DMEM:F12 (1:1) supple-
mented with 5% calf serum, 10 μg/mL insulin, 10 ng/mL EGF,
and 1 μg/mL hydrocortisone. For tumorigenesis assays, 8-wk-old
female NOD/SCID mice were injected with 1 × 106 vHMLER
cells resuspended in diluted Matrigel (1:2) into the fourth in-
guinal mammary gland.

Whole Mount, Immunohistochemistry, and Immunofluorescence.GFP
whole-mount analysis was performed as previously described (2).
For further visualization of epithelial structures, glands were
flattened between glass slides and fixed with 10% neutral-buff-
ered formalin fixative for 2–4 h. Glands were subsequently
stained with hematoxylin and cleared in xylene. Whole mounts
were mounted with Permount and photographed under 40× and
100× magnifications.
Immunohistochemistry was performed on paraffin-embedded

tissue sections with sodium citrate or Tris-EDTA antigen re-
trieval, followed by detection with biotinylated secondary anti-
bodies (1:200 anti-mouse or anti-rabbit; Vector Laboratories) and
visualization with the Elite ABC Peroxidase Kit and either
NovaRED or DAB substrate (Vector Laboratories). Antibodies
used on paraffin-embedded tumor and mammary gland sections
were as follows: phospho-Akt (1:100, Ser473 clone 736E11; Cell
Signaling); α-smooth muscle actin (αSMA; 1:500, clone αsm-1)
and cytokeratins (CKs) CK14 (1:500, clone LL002), CK8/18
(1:500, clone DC-10), and CK19 (1:500, clone b170) (all from
Vector Laboratories); and estrogen receptor α (ERα; acinar
outgrowths only, 1:200, clone 6F11; Abcam). Paraffin sections
from HSE assays were stained for CK1/10 (1:100, clone DE-K10;
Abcam) and involucrin (1:100; Abcam) after citrate antigen re-
trieval; frozen sections were stained with antibodies to E-cad-
herin (1:200, clone 24E10; Cell Signaling) and laminin V (1:500,
clone D4B5; Millipore). Staining of tumor sections for cyclin D1
(NeoMarkers), pan-CK, p53, p63, ERα, vimentin, and CK7 (all
from Ventana Medical Systems) was performed by the Histology
Special Procedures Laboratory at Tufts Medical Center. Nuclei
were counterstained with hematoxylin.
Adherent colony composition was assessed by immunostaining

for CK8/18 (1:500; Vector Laboratories) followed by biotinylated
anti-mouse secondary antibody, Elite ABC Kit, and DAB sub-
strate development (Vector Laboratories). Colonies were sub-
sequently immunostained for CK14 (1:500, rabbit polyclonal;
Thermo Scientific) followed by biotinylated anti-rabbit secondary
antibody, Elite ABC Kit, and Vector VIP Substrate development
(all from Vector Laboratories). Stained colonies were air-dried
and quantified under 40× magnification.
Genomic fluorescence in situ hybridization for mouse CotI

DNA was performed as previously described (2). For dual im-
munofluorescence on tissue sections, samples were prepared and
stained as above for immunohistochemistry on paraffin sections
with the addition of a 30-min incubation with Image-iT FX signal
enhancer (Invitrogen) after antigen retrieval. For immunofluo-
rescence on spheres collected from nonadherent culture, spheres
were cytospun onto glass slides and fixed in methanol. Similarly,
cells from unsorted or immunomagnetic bead-sorted populations
were cytospun onto glass slides and fixed in methanol. Im-
munocomplexes on the cells from immunomagnetic bead sorting
were blocked with the M.O.M. Kit (Vector Laboratories) to al-
low for staining with antibodies produced in mouse (CK8/18).
Positively sorted fractions were analyzed by binding a mouse
secondary antibody (Alexa Fluor 555 goat anti-mouse; In-
vitrogen) to the immunocomplexes formed from sorting for
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EpCAM and CD10 expression. Tissues and samples were bound
with antibodies to CK8/18 (1:500), CK19 (1:300), and αSMA
(1:300) (all from Vector Laboratories) or CK14 (1:500; Thermo
Scientific) and were visualized by Alexa Fluor 555- and Alexa Fluor
488-conjugated secondary antibodies (Invitrogen). In all cases,
nuclei were counterstained with DAPI, and stained tissues/samples
were mounted with the Slow-Fade mounting kit (Invitrogen).
Immunohistochemistry and immunofluorescence images were

captured with the SPOT software package (Micro Video
Instruments) on a Nikon Eclipse 80i microscope. For all immuno-
histochemistry and immunofluorescence quantifications for each
tumor, three representative fields that contained a similar ratio of
epithelium to stroma were captured for analysis to avoid biasing
the results because of stromal contribution. For CK14 and CK19
staining, image exposure times were normalized to the negative
control, and all positive signals were quantified. For the ER
staining, particles were analyzed with a cutoff area size of 100–
1,000 pixels to eliminate counting of small and large nonspecific
particle stains. Total nuclei were analyzed. Percentage area
(CK14 and CK19) and cell number (ER) were quantified
with ImageJ.

RT-PCR Analysis. RNA was extracted from P1 CD10+ and vCD10+

cell lines with the RNeasy Mini Kit (Qiagen). For basic quantitative
RT-PCR (qRT-PCR), cDNA was generated with the iScript cDNA
Synthesis Kit (Bio-Rad), and product amplification was performed
with the iQ SYBR Green Supermix (Bio-Rad). Primers used in-
clude the following: K-RAS (149 bp): forward, 5′-TAGAGGA-
TCCACTAGTACCACCATG-3′ and reverse, 5′-GCTTCCTG-
TAGGAATCCTCTATTG-3′; GAPDH (185 bp): forward, 5′ GA-
GTCAACGGATTTGGTCGT 3′ and reverse, 5′ -GACAAGCTT-
CCCGTTCTCAG 3′; LgT (194 bp): forward, 5′-GAATGTTGA-
GAGTCAGCAGTA-3′ and reverse, 5′-GTACAAGAAAATGG-
AAGATGG-3′; and mouse SMA (102 bp): forward, 5′-GTCCCA-
GACATCAGGGAGTAA-3′ and reverse, 5′-TCGGATACTTCA-
GCGTCAGGA-3′. For PCR arrays, a custom RT2 Profiler PCR
array was generated containing 84 unique primers to genes involved
in mammary differentiation and embryonic stem cell function (SA
Biosciences). RNA was converted to cDNA through use of the RT2

First Strand Kit (SA Biosciences), and product amplification was
performed with a SYBR Green RT2 Master Mix (SA Biosciences)
on a MyiQ iCycler qPCR machine (Bio-Rad). A list of genes an-
alyzed is provided in Table S3.

Microarray Hybridization and Gene-Expression Analyses. Total RNA
for gene-expression studies was isolated from tumors generated
from unsorted or sorted EpCAM+CD10−, CD10+, EpCAM+

CD10−CD49f−, and EpCAM+CD10−CD49f+ cells (n = 4 for all
tumor types) with the RNeasy Kit (Qiagen). The quality of total
RNA was evaluated by A260/A280 ratio and by electrophoresis on
the Agilent Bioanalyzer (Agilent Technologies). Synthesis of
cDNA from total RNA and hybridization/scanning of micro-
arrays were performed with the Illumina Human 12v4.0 Bead-
Chip Arrays as described in the BeadChip protocol manual
(Illumina). Scanned files were loaded into BeadStudio software
for analysis.

After removal of background signal (by using quality-control
parameters as described in the BeadChip protocol), arrays were
normalized by robust multichip average (RMA) normalization
using R and Bioconductor software (12–20). After normalization,
genes not detected on all of the arrays and those with little vari-
ation (<0.05) in the signal across the arrays were removed from
further consideration. To compare gene expression between dif-
ferent tumor types, mixed linear models were used with a random
patient effect. Empirical Bayes methods were used to estimate the
significance levels of the comparisons (21–24).
False discovery rates (FDRs) (25–27) were computed to correct

for multiple testing. Genes with FDRs of <10% were identified as
differentially expressed between the tumors. Next, hierarchical
clustering was performed by using the Euclidean distance as
a metric. Before clustering, the expression data were filtered to
include only 576 genes that were significantly expressed in at least
one comparison at FDR of 1% (heat map built using all of the
3,104 genes identified as differentially expressed between at least
two tumor types at 10% positive FDR looked similar but was
implausible to present). For the genes differentially expressed
between each pair of tumor types, gene set enrichment analysis
(GSEA) was performed by using Fisher’s exact test with gene lists
previously reported to be associated with different human breast
cancer subtypes (Datasets S1, S2, and S3).
Differentiation score analysis of gene expression from unsorted

and sorted tumors was performed as described previously (28).
To identify a gene-expression signature of tumors derived from
CD10+ cells, a two-class unpaired significance analysis of mi-
croarray (SAM) was performed (FDR of <5%) by comparing
tumors from CD10+ cells with tumors from EpCAM+ cells, in-
cluding the tumors derived from EpCAM+/CD49+ and Ep-
CAM+/CD49f−. This final signature of up- and down-regulated
genes (Dataset S4) was then summarized as a single ”enrich-
ment/activity score” by multiplying the SAM score of each gene
by its expression value in the tested sample and then summing all
of the values of each sample. The CD10+ tumor signature was
evaluated in the following data sets: UNC337 breast tumor da-
tabase (Gene Expression Omnibus accession no. GSE18229),
NKI113 (29), UNC HMEC line panel (https://genome.unc.edu/),
and normal breast subpopulations (30).
For the UNC HMEC line panel, RNA was purified from all

primary HMECs (HMEC-1, HMEC-2, and HMEC-3) after the
third passage as well as from the immortalized HMEC lines
HME-CC and ME16C and the MCF10A, MCF12A, and
MCF12F cell lines with the RNeasy Mini Kit (Qiagen). All cell
lines were profiled as described previously with oligonucleotide
microarrays (Agilent Technologies) (31). The probes or genes
were filtered by requiring the lowest normalized intensity values
in both sample and control to be >10. The normalized log 2
ratios (Cy5 sample/Cy3 control) of probes mapping to the same
gene (Entrez ID as defined by the manufacturer) were averaged
to generate independent expression estimates, and the resulting
matrix data were median-centered.
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Fig. S1. Enrichment of basal/ME and luminal populations from primary human breast tissue. (A) Flow cytometry dot plots of single-cell suspensions of lineage-
depleted human breast epithelial cells stained with fluorescently conjugated antibodies to EpCAM and CD49f and analyzed by flow cytometry (n = 11 patient
samples). (B) CD10 expression in five fractions of cells gated from unsorted human breast epithelial cells analyzed by flow cytometry after staining with
fluorescently conjugated antibodies to EpCAM, CD49f, and CD10. Average percentage of CD10+ cells are shown ± SE. P value was calculated by one-way
ANOVA. (C) Immunofluorescence analysis of immunomagnetically sorted CD10+ and EpCAM+CD10− cells cytospun onto glass slides. Fluorescently conjugated
secondary antibodies were applied to detect immunocomplexes on cells from bead sorting. Positively stained cells (red) were quantified out of total cells
stained by DAPI (blue). Representative images are shown. (Magnification: 200×.) Data shown are average ± SE (n = 3 independently sorted patient samples,
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minimum three fields analyzed). (D) Flow cytometry analysis of EpCAM and CD49f expression in unsorted and sorted cells. Dot plots from unsorted, CD10+ and
depleted cells (cells remaining after sorting for CD10+ and EpCAM+ cells) are shown for two additional patient samples. For each patient sample, an overlay of
unsorted EpCAMhi, sorted CD10+, and depleted fractions is shown in the bottom right of each plot. Sorted EpCAM+CD10− cells did not stain with the fluo-
rescently conjugated EpCAM antibody because of occupation of antigen sites with antibody complexes from bead sorting; however, the luminal EpCAMhi

clouds from unsorted cells (red) are clearly missing from the depleted fraction (blue); enrichment of the EpCAMloCD49f+ population within the sorted CD10+

fraction is shown in green. (E Left) Cytospun unsorted and sorted cells were stained for CK14 (green) and CK8/18 (red). Positively stained cells were quantified
out of total cells stained by DAPI (blue). Representative images are shown. (Magnification: 200×.) (Right) Negative controls for both mouse (CK8/18) and rabbit
(CK14) antibodies are shown. Data shown are average ± SE (n = 3 independently sorted patient samples, minimum three fields analyzed). P values were
calculated by one-way ANOVA.
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Fig. S2. EpCAM+CD10− luminal and CD10+ basal/ME sorted populations contain cells with distinct functional progenitor characteristics. (A Top) Representative
images of colonies in adherent conditions in MEGM. (Bars: 100 μm.) (Middle) Representative images of colonies from unsorted cells stained for CK8/18 (brown)
and CK14 (purple). (Bars: 100 μm.) Four major types of colonies were quantified: luminal colonies (L) have defined borders with strong cell–cell junctions and
stain for CK8/18, ME colonies (ME) have undefined borders because of scattered cells and stain for CK14, bipotent A colonies (BP-A) have an inner luminal
colony core surrounded by scattered cells that stain for CK14 and CK8/18, and bipotent B colonies (BP-B) have scattered cells that stain for CK14 and CK8/18
with many cells that stain for both CKs. (Inset) Double-stained cells appear dark brown/black (asterisks) in contrast to purple CK14-only cells (arrowhead) and
light brown CK8/18-only cells (arrow). (Bottom) BP-B (Left) and BP-A (Center) colonies sequentially stained with anti-CK8/18 and secondary antibody alone or
secondary antibody alone and anti-CK14, respectively, as controls. (Right) Unstained fibroblasts serve as internal negative controls for the antibodies (arrows).
(B Left) Representative graph of adherent colonies formed ± SE from unsorted and sorted fractions demonstrating the small number of adherent colonies

Legend continued on following page
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formed in the EpCAM+CD10− fraction. P value was calculated by one-way ANOVA. (Right) Representative graph of adherent colonies quantified for colony
type after immunostaining for CK14 and CK8/18 as described in A. CD10+ cells formed mainly BP-B colonies and ME colonies; although few colonies formed in
EpCAM+CD10− fractions, the colonies that did form were both BP-A and BP-B as well as luminal-type colonies. (C Upper) Representative images of spheres
formed in nonadherent (mammosphere) conditions from unsorted and sorted fractions. (Bars: 100 μm.) (Center Inset) Rare spheres formed from the CD10+

fraction had a distinct morphology with a more compact appearance. (Lower) Representative graph of number of spheres ± SE demonstrating that few spheres
formed in the CD10+ fraction. P value was calculated by Student’s t test. (D) Immunofluorescence staining of spheres formed from sorted CD10+ cells in
nonadherent conditions: CK8/18, red; CK14, green.
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Fig. S3. Sorted fractions form bilayered structures in vivo in the human-in-mouse (HIM) model. Unsorted, CD10+, or EpCAM+CD10− cells infected with GFP-
expressing lentivirus were comixed with human RMF-EG/HGF fibroblasts and injected into humanized mammary fat pads as controls for the 4onc- or SV40/Ras-
infected cells. Outgrowths were allowed to form for 8–12 wk. (A) Representative whole mounts of outgrowths stained with hematoxylin. (Bars: 200 μm.) (B)
High-power images of bilayered structures formed from unsorted cells stained by immunohistochemistry for markers of luminal (CK19 and ERα) and basal/ME
(CK14 and αSMA) differentiation. (Bars: 25 μm.) (C) Lower-power images of unsorted and sorted cells stained as in B, with the addition of the luminal marker
CK8/18. (Bars: 100 μm.) Rightmost column shows representative negative controls.
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Fig. S4. Tumors form from transformation of cells with two oncogene models. (A) Schematic of tumor experiment. (B) Representative images of infected cells
grown in culture for 7 d (SV40/Ras) or 9 d (4onc) postinfection. Similar levels of infection were seen in unsorted and sorted cells. GFP expression indicates
infection with the lentiviruses containing K-Ras (SV40/Ras) or K-Ras and p53 (4onc). (Bars: 200 μm). (C) Whole mounts at 8 wk postinjection showing acinar
outgrowth with GFP infection (CSCG; Upper) and tumors from infection with the 4onc or SV40/Ras oncogene combination. (Bar: 2 mm). (D) Representative
images of immunohistochemistry (p53, cyclin D1, and phospho-Akt) and immunofluorescence (LgT) on unsorted tumors from both models. Insets show
negative controls. (Bars: 100 μm.) (E) Expression of K-Ras and LgT oncogenes measured by qRT-PCR in tumors formed from unsorted and sorted cells infected
with SV40/Ras (n = 4 for each group). Tumors show similar expression of oncogenes across all groups. Stromal content, measured by expression of mouse αSMA,
is similar across all tumor samples, indicating that oncogene expression is reflective of tumors with similar amounts of epithelial content. As a control, cancer-
associated fibroblasts (CAFs) derived from an SV40/Ras tumor show high expression of αSMA and do not express the infected oncogenes. P values were cal-
culated by one-way ANOVA. (F) Fluorescence in situ hybridization analysis for mouse Cot1 DNA (red) indicates the mouse origin of the stromal response (S) and
that tumor cells (T) are not of mouse origin (blue, DAPI-stained nuclei from human tumor cells and mouse cells). (Bars: 100 μm.)
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Fig. S5. Tumors formed from sorted fractions have distinct phenotypes. (A) Representative H&E images of tumors generated from unsorted as well as CD10+

and EpCAM+CD10− sorted populations by transduction with both oncogene combinations. (Bars: 100 μm.) Images are representative of the dominant phe-
notypic features within the tumor tissues. (B) Regions of glandular and papillary (G/P) ductal carcinoma-like growth stain predominantly with CK8/18, whereas
regions of squamoid (SQ) growth stain predominantly with CK14. (Bars: 100 μm.) (C Upper) Representative images of 4onc tumors stained for ERα, CK19, and
CK14. (Bars: 100 μm.) Insets show negative control staining. (Lower) Graphed data represent averaged tumor area or percentage positive cells ± SE from 4onc
and SV40/Ras tumors analyzed separately for expression of CK19, CK14, or ERα (n = 2–5 tumors for each group). P values were calculated by Student’s t test.
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Fig. S6. Tumors formed from EpCAM+ populations sorted for CD49f show enriched luminal and basal features. (A) Schematic of sorting strategy for en-
richment of differentiated luminal cells and luminal progenitors, respectively. (B) Representative images of H&E, ERα, and CK14–CK8/18 staining from CD49f−

and CD49f+ tumors formed with the SV40/Ras oncogene combination. (Bars: 100 μm.) Insets show negative control staining. (C) Quantification of CK14 and ERα
expression in tumors formed from CD49f− and CD49f+ sorted cells. Graphs represent average ± SE (n = 4 tumors for each group). P values were calculated by
Student’s t test.
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Fig. S7. Enrichment score of the CD10 Signature across the four human mammary cell subpopulations identified in Lim et al. (1): mammary stem cell (MaSC),
mature luminal (mL), luminal progenitor (pL), and stromal cell (Str) populations. P value was calculated by Student’s t test.

1. Lim E, et al. (2009) Aberrant luminal progenitors as the candidate target population for basal tumor development in BRCA1 mutation carriers. Nat Med 15:907e913.

Keller et al. www.pnas.org/cgi/content/short/1017626108 12 of 18

www.pnas.org/cgi/content/short/1017626108


A

0

5

10

15

20

25

0 20 40 60 80 100
Days in culture

CD10+
EpCAM+ CD10-

P
op
ul
at
io
n
do
ub
lin
gs

0

5

10

15

20

25

0 20 40 60 80 100
Days in culture

0

5

10

15

20

25

0 20 40 60 80 100
Days in culture

0

5

10

15

20

25

30

35

0 20 40 60 80 100
Days in culture

B
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Patient 1 2 0 29 28 52 N/A
Patient 2 3 0 29 31 45 N/A
Patient 3 2 N/A (post-split) 29 21 45 69
Patient 4 20 0 29 29 44 N/A
Patient 5 28 2 29 29 44 44
Average 11 29.0 27.6 46.0
Std. Dev. 12.2 0.00 3.85 3.4
Other info Rate = 0.004%

Sample CD10+ EpCAM+ CD10- CD10+ EpCAM+ CD10- CD10+ EpCAM+ CD10-
Patient 1 23 N/A 9.67 2.06 17.68 2.06
Patient 2 16 N/A 5.81 1.44 19.31 1.44
Patient 3 16 48 6.53 4.00 20.96 15.89
Patient 4 15 N/A 6.38 2.74 20.8 2.74
Patient 5 15 15 8.38 3.05 29.07 9.91
Average 17 7.35 2.66 21.56 6.41
Std. Dev. 3.4 1.61 0.97 4.40 6.31
Other info
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day 25 day 46 day 46 day 53

Fig. S8. vHMECs are derived preferentially from CD10+ sorted cells. (A) Growth curves of long-term cultured CD10+ and EpCAM+CD10− cells grown in ad-
herent conditions in MEGM. Rarely, variant colonies emerged from the sorted EpCAM+CD10− cells with reduced growth capacity. Representative images of
cultured cells in the first senescence plateau (day 25) and emerging variants (days 46 and 53) are shown below. (Bars: 200 μm.) (B) Summary of growth curve
data in long-term adherent culture from five patient samples sorted for CD10+ and EpCAM+CD10− cells. CD10+ cells show greater growth potential before the
onset of the first senescence plateau (doublings at plateau, average 7.35 vs. 2.66, P = 0.0005) as well as at day 100 (doublings at day 100, average 21.56 vs. 6.41,
P = 0.002) because of the preferential formation of vHMEC colonies from sorted CD10+ cells. P values were calculated by Student’s t test.
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Fig. S9. Characterization of HMEC cells. (A) Outgrowth of human breast MCF10A cells, epidermal keratinocyte cells (HaCAT), primary unsorted HMECs (HMEC
P1), poststasis vHMEC cells, sorted primary CD10+ (CD10+ P1) cells, and vCD10+ cells plated on collagen I gels. Representative images of ductal, acinar (round),
and squamous-like (flat) structures formed are shown. (B) Human cells derived from adult breast tissues form stratified skin tissue on fibroblast-seeded collagen
gels in HSE assays. Representative images of sections from HSE assays from control human epidermal keratinocyte cells (HaCAT) and immortalized vHEMCs
stained for H&E, CK1/10, involucrin, CK14, E-cadherin, and laminin V. (Bars: 100 μm). (C) MCF10A cells fail to form stratified skin tissue. Representative images
of MCF10A cells grown in HSE assays stained for H&E (higher-power fields to the right). (Bars: 100 μm.) (D) Quantification of the enrichment score for the CD10
Signature, derived from gene-expression data from CD10+ vs. EpCAM+/EpCAM+CD49f−/EpCAM+CD49f+ tumors, in a panel of normal human breast cell lines:
primary vHMECs (vHMEC-1, vHMEC-2, and vHMEC-3) isolated from three patients, immortalized HMECs (HME-CC and ME16C), and commercially available
MCF10A, MCF12F, and MCF12A cell lines. The CD10 Signature was more enriched in vHMEC-derived lines compared with MCF10A, MCF12F, and MCF12A
(P < 0.05, Student’s t test).
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Fig. S10. Transformed vHMEC cells give rise to tumors with metaplastic and epidermal features. (A) Representative H&E stains and immunohistochemistry for
CK7, pan-keratin, vimentin, and p63 on outgrowths from nontumorigenic vHMECs and tumors derived from vHMECs transformed with SV40/Ras. (Bars: 200
μm.) Insets show negative control staining. Injection of nontumorigenic vHMECs leads to frequent sebaceous-like growths. Tumors that developed from
transformed vHMECs show squamous, sebaceous, spindle-cell, and medullary phenotypes (more H&E images are presented in Fig. 5). (B) Immunohistochemistry
results are summarized in a table by tumor region phenotype. (C) Metaplastic human breast cancers in patients. Tumors with medullary, giant cell, and
squamoid histology are shown. (Scale bars: 100 μm.)
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Table S1. Outgrowth in GFP-expressing control glands

Patient Unsorted CD10+ EpCAM+/CD10−

1 6/7 (+ to ++) 1/1 (++) 2/2 (++)
2 2/2 (+++) 2/2 (+++) 2/2 (++)
3 4/6 (+ to ++) 2/2 (+) 1/2 (+)
4 3/4 (++) NA NA
5 4/4 (+ to +++) NA NA
6 2/2 (++, +++) 0/2 2/2 (+++)
7 0/2 2/2 (+) Mouse died
8 4/4 (++ to +++) NA NA
9 0/2 2/3 (+) 2/2 (+)

CSCG infected cells (100,000) were injected into cleared and humanized
mammary fat pads and allowed to grow for 8–12 wk. Acini formation was
verified by presence of GFP+ structures within the glands (estimated counts
of distinct GFP+ structures: +, <10; ++, 10–30, +++, 30+; NA, not injected).
Bilayered structures were identified on H&E stained sections from all frac-
tions in which they could be evaluated and further verified by αSMA and ERα
immunohistochemistry.

Table S2. Tumor incidence in 4onc and SV40/Ras models

Sort

4onc tumors SV40/Ras tumors

Patient samples Average latency Tumor incidence (%) Patient samples Average latency Tumor incidence (%)

Unsorted 8 23 d 23/47 (48.9) 5 14 d 11/14 (78.6)
CD10+ 4 23 d 6/13 (46.2) 4 14 d 7/9 (77.8)
EpCAM+CD10− 4 25 d 6/13 (46.2) 4 14 d 11/12 (91.6)

Oncogene-infected cells (100,000) were injected into cleared and humanized mammary fat pads and allowed to form tumors for 8–12 wk. Tumor latency
was defined as days until tumors were first palpated. Tumors were defined as palpable nodules that were at least 2 mm in diameter. Average diameter 4onc:
3.9 mm (unsorted), 2.9 mm (CD10+), and 4.4 mm (EpCAM+); average diameter SV40/Ras: 9.5 mm (unsorted), 9.5 mm (CD10+), and 6.4 mm (EpCAM+).
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Table S3. Mammary differentiation array data fold difference in expression: vCD10+ vs. P1 CD10+ cells

Gene symbol Gene name Lineage Patient 1 Patient 2 Patient 3 Average fold P value

Genes down-regulated more than twofold and/or significant; same trend across all three patients
NES Nestin Basal/ME −1978.24 −157.37 −1611.29 −794.55 0.027
THY1 Thy-1 cell surface antigen Basal/ME −1418.35 −314.74 −32.99 −245.12 0.057
CNN1 Calponin 1, basic, smooth muscle Basal/ME −455.09 −34.73 −327.19 −172.92 0.079
CDH2 Cadherin 2, type 1, N-cadherin (neuronal) Basal/ME −27.28 −142.81 −169.37 −87.06 0.030
COL1A1 Collagen, type I, α1 Basal/ME −257.78 −43.05 −19.08 −59.60 0.183
NOTCH4 Notch homolog 4 (Drosophila) Basal/ME −14.93 −37.22 −65.98 −33.22 0.031
ACTA2 Actin, α2, smooth muscle, aorta Basal/ME −66.72 −7.05 −8.84 −16.08 0.089
OXTR Oxytocin receptor Basal/ME −19.16 −1.63 −19.89 −8.54 0.093
SPARC Secreted protein, acidic, cysteine-rich (osteonectin) Basal/ME −6.45 −12.11 −3.15 −6.27 0.035
FGFR1 Fibroblast growth factor receptor 1 Basal/ME −6.15 −2.88 −7.48 −5.10 0.134
TAGLN Transgelin Basal/ME −5.58 −3.24 −6.38 −4.87 0.011
MYLK Myosin light chain kinase Basal/ME −16.34 −3.05 −2.15 −4.75 0.013
TGFB3 Transforming growth factor, β3 Basal/ME −3.66 −2.94 −6.08 −4.03 0.008
KRT10 Keratin 10 Basal/ME −1.33 −3.34 −14.56 −4.01 0.162
FN1 Fibronectin 1 Basal/ME −2.39 −4.88 −3.26 −3.37 0.003
TIMP1 Tissue inhibitor of matrix metalloproteinase 1

(TIMP) metallopeptidase inhibitor 1
Basal/ME −6.41 −2.41 −1.21 −2.65 0.293

IGFBP2 Insulin-like growth factor binding protein 2, 36 kDa Basal/ME −1.25 −2.08 −1.62 −1.61 0.015
PROM1 Prominin 1, CD133 Luminal −205.07 −382.15 −130.15 −216.87 0.124
KRT19 Keratin 19 Luminal −51.63 −994.62 −70.23 −153.35 0.255
PGR Progesterone receptor Luminal −83.87 −14.1 −6.75 −19.98 0.032
KRT8 Keratin 8 Luminal −328.56 −5.09 −1.98 −14.90 0.059
EpCAM Epithelial cell adhesion molecule Luminal −6.28 −3.99 −21.32 −8.12 0.041
CLDN7 Claudin 7 Luminal −54.19 −1.93 −4.12 −7.55 0.022
MMP7 Matrix metallopeptidase 7 (matrilysin, uterine) Luminal −2.13 −24.9 −3.98 −5.95 0.190
CLDN8 Claudin 8 Luminal −2.36 −9.57 −3.28 −4.20 0.346
NOTCH3 Notch homolog 3 (Drosophila) Luminal −4.08 −2.05 −2.8 −2.86 0.009
KDM1 Lysine (K)-specific demethylase 1, LSD1 Other −1.15 −1.16 −1.39 −1.23 0.049
ID4 Inhibitor of DNA binding 4, dominant-negative

helix–loop–helix protein
Stem −187.4 −16.43 −4.84 −24.60 0.063

IL1R1 Interleukin 1 receptor, type I Stem −6.73 −1.56 −1.24 −2.35 0.164
TBX3 T-box 3 Stem −1.45 −1.75 −1.6 −1.60 0.052

Genes up-regulated more than twofold and/or significant; same trend across all three patients
LCN2 Lipocalin 2 Basal/ME 2.62 5.29 12.61 5.59 0.147
CD24 CD24 molecule Luminal 15.03 1.02 2.4 3.33 0.252
MUC1 Mucin 1, cell surface-associated Luminal 3.68 1.02 1.63 1.83 0.547
PROCR Protein C receptor, endothelial (EPCR) Stem 2.03 2.93 1.49 2.07 0.037
BTG2 BTG family, member 2 Stem 1.68 1.87 2.4 1.96 0.342

All remaining genes on array
KRT15 Keratin 15 Basal/ME 2.87 −3.31 14.28 2.31 0.968
MME Membrane metalloendopeptidase, CD10, CALLA Basal/ME −1.01 4.26 1.9 2.00 0.293
KRT17 Keratin 17 Basal/ME −1.39 3.01 1.4 1.45 0.370
ITGB4 Integrin, β4 Basal/ME 1.04 1.24 1.04 1.10 0.723
KRT14 Keratin 14 Basal/ME 2.08 −1.16 −1.53 1.06 0.830
SNAI2 Snail homolog 2 (Drosophila) Basal/ME −1 1.73 −1.49 1.05 0.918
MMP14 Matrix metallopeptidase 14 (membrane-inserted) Basal/ME −2.16 1.37 1.3 −1.07 0.883
SERPINE1 Serpin peptidase inhibitor, clade E (nexin,

plasminogen activator inhibitor type 1), member 1
Basal/ME 1.39 −1.92 1.03 −1.10 0.948

CDH3 Cadherin 3, type 1, P-cadherin (placental) Basal/ME −1.2 −1.11 −1.04 −1.11 0.286
KRT5 Keratin 5 Basal/ME −1.6 1.1 −1.06 −1.19 0.721
ITGA6 Integrin, α6 Basal/ME 1.21 1.08 −2.54 −1.25 0.482
DKK3 Dickkopf homolog 3 (Xenopus laevis) Basal/ME −2.58 1.26 −1.3 −1.39 0.301
ITGB1 Integrin, β1 (fibronectin receptor, β-polypeptide,

antigen CD29 includes MDF2, MSK12)
Basal/ME −1.01 −1.2 −2.84 −1.51 0.283

TP63 Tumor protein p63 Basal/ME −2.06 1.13 −2.44 −1.64 0.401
VIM Vimentin Basal/ME 1.16 −1.6 −4.1 −1.78 0.170
IGFBP7 Insulin-like growth factor binding protein 7 Basal/ME −9.58 1.35 −1.55 −2.23 0.595
MYBa V-myb myeloblastosis viral oncogene homolog (avian) Basal/ME −1.62 −17.36 1.52 −2.65 0.293
MMP9a Matrix metallopeptidase 9 (gelatinase B,

92-kDa gelatinase, 92-kDa type IV collagenase)
Basal/ME 1.29 −28.6 −12.33 −6.49 0.172

EPHB1a Ephrin type B receptor 1 Basal/ME −13.00 −7.72 −16.98 −11.94 0.054
TFF1a Trefoil factor 1 Luminal 1.14 1.82 1.03 1.29 0.287
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Table S3. Cont.

Gene symbol Gene name Lineage Patient 1 Patient 2 Patient 3 Average fold P value

SFRP1 Secreted frizzled-related protein 1 Luminal −1.11 1.4 1.43 1.22 0.349
CDH1 Cadherin 1, type 1, E-cadherin (epithelial) Luminal 1.39 1.71 −1.44 1.18 0.916
GATA3 GATA binding protein 3 Luminal 1.11 1.71 −1.4 1.11 0.967
TFF3a Trefoil factor 3 (intestinal) Luminal 2.06 1.29 −2.29 1.05 0.722
NOTCH1 Notch homolog 1, translocation-associated (Drosophila) Luminal −1.66 1.29 1.28 −1.00 0.780
JUP Junction plakoglobin Luminal −1.09 1.13 −1.69 −1.18 0.437
CXCR4a Chemokine (C-X-C motif) receptor 4 Luminal −1.71 −1.19 1.2 −1.19 0.729
KRT18 Keratin 18 Luminal −2.33 3.25 −2.45 −1.21 0.710
ERBB2 V-erb-b2 erythroblastic leukemia viral oncogene

homolog 2, neuro/glioblastoma-derived
oncogene homolog (avian)

Luminal −1.83 −1.28 1.24 −1.24 0.424

ESR1a Estrogen receptor 1 Luminal −1.53 1.7 −2.52 −1.31 0.859
CLDN10a Claudin 10 Luminal −2.03 −1.49 1.2 −1.36 0.498
ERBB3 V-erb-b2 erythroblastic leukemia viral

oncogene homolog 3 (avian)
Luminal −1.25 1.23 −2.94 −1.44 0.806

SUSD3a Sushi domain containing 3 Luminal −3.2 −1.1 −1.69 −1.81 0.056
PRLRa Prolactin receptor Luminal −1.54 −4.82 −3.19 −2.87 0.186
TTHY1a Tweety homolog 1 (Drosophila) Luminal −8.34 −5.65 −4.39 −5.91 0.114
KITa V-kit Hardy-Zuckerman 4 feline sarcoma

viral oncogene homolog
Luminal −4.5 −14.1 −4.21 −6.44 0.256

EGFR Epidermal growth factor receptor [erythroblastic
leukemia viral (v-erb-b) oncogene homolog, avian]

Other 1.1 3.56 −1.41 1.41 0.828

ASCL1a Achaete-scute complex homolog 1 (Drosophila) Other −1.54 1.82 1.2 1.12 0.550
RCOR1 REST corepressor 1 Other −1.25 1.08 −3.62 −1.61 0.348
BRCA1 Breast cancer 1, early onset Other 1.57 −5.73 −3.19 −2.27 0.691
CDYL2a Chromodomain protein, Y-like 2 Other −5.62 −6.31 −7.48 −6.43 0.052
KLF4 Krüppel-like factor 4 (gut) Stem 1.1 5.29 1 1.80 0.311
TGFB1 Transforming growth factor, β1 Stem 1.15 1.88 2.32 1.71 0.198
SOX2a Sex determining region Y (SRY)-box 2 Stem 1.97 2.74 −1.09 1.70 0.192
ID1 Inhibitor of DNA binding 1, dominant-negative

helix–loop–helix protein
Stem 1.88 −1.61 2.92 1.50 0.357

ID3 Inhibitor of DNA binding 3, dominant-negative
helix–loop–helix protein

Stem 1.29 1.16 2.09 1.33 0.584

NANOGa Nanog homeobox Stem −1.54 1.82 1.2 1.12 0.550
BMI1 BMI1 polycomb ring finger oncogene Stem −1.27 2.74 −1.65 1.09 0.979
CD44 CD44 molecule (Indian blood group) Stem −1.04 −1.12 −2.08 −1.34 0.338

Values in boldface indicate P value < 0.05.
aToo low for significance.

Dataset S1. Summary of Illumina microarray data: Differentially expressed genes from paired tumor-type comparisons (FDR of <10%)

Dataset S1 (XLSX)

Dataset S2. GSEA analysis: Published gene lists used for analysis

Dataset S2 (XLS)

Dataset S3. GSEA analysis: Comparison of differentially expressed genes from paired tumor comparisons to published gene lists (FDR
of <10%)

Dataset S3 (XLS)

Dataset S4. CD10 Signature: Generated from CD10+ tumors compared to all EpCAM+ tumors (including CD49f sorted; unsorted not
included)

Dataset S4 (XLS)

Keller et al. www.pnas.org/cgi/content/short/1017626108 18 of 18

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1017626108/-/DCSupplemental/sd01.xlsx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1017626108/-/DCSupplemental/sd02.xls
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1017626108/-/DCSupplemental/sd03.xls
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1017626108/-/DCSupplemental/sd04.xls
www.pnas.org/cgi/content/short/1017626108

