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Abstract. ABC transporters are highly conserved and represent a major protec-
tive mechanism for barrier tissues as well as adult tissue stem cells. Emerging
data support the existence of a cancer stem cell that shares features of tissue
stem cells, including the ability to self-renew and undergo dysregulated differ-
entiation. Here we show that a rare population of cells coexpressing MDR trans-
porters and stem cell markers is a common feature across therapy-naive epi-
thelial cancers as well as normal epithelial tissue. MDR+ and MDR– candidate
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tumor stem and progenitor populations were all capable of generating highly
anaplastic transplantable human tumors in NOD/SCID. The finding that rare
cells bearing stem cell markers and having intrinsic MDR expression and ac-
tivity are already present within the tumorigenic compartment before treatment
with cytotoxic agents is of critical importance to cancer therapy. Just as dam-
aged normal epithelial tissues regenerate after chemotherapy by virtue of highly
protected resting tissue stem cells, the existence of malignant counterparts in
therapy-naive epithelial cancers suggests a common mechanism by which nor-
mal and tumor stem cells protect themselves against toxic injury.

1 Background

Multiple drug resistance (MDR) was early recognized as a barrier to
cancer therapy (Biedler et al. 1970). The common mechanism respon-
sible for cross-resistance to multiple structurally unrelated agents was
determined to be reduced cellular permeability (Ling and Thompson
1974), mediated by a family of highly conserved proteins known as
ATP-binding cassette (ABC) transporters (Leslie et al. 2005). Although
ABC transporter expression is recognized as a significant cause of
chemotherapy resistance, the prevalent paradigm understands MDR in
cancer to result from drug-mediated selection of cells with ABC trans-
porter gene amplification (Chen et al. 2002) or regional gene activation
(Wang et al. 2006). More recently, it has become apparent that normal
adult tissue stem cells, including hematopoietic (Udomsakdi et al. 1991;
Chaudhary and Roninson 1991; Goodell et al. 1996), airway (Giangreco
et al. 2004), pituitary (Chen et al. 2005), small intestine (He et al. 2005),
and testes (Riou et al. 2005), express high levels of MDR transporter ac-
tivity. Persistence of tissue stem cells is essential to tissue maintenance
and repair, and constitutive MDR activity is thought to be one of several
mechanisms by which normal tissue stem cells protect themselves from
toxic insults, including those resulting from damage by chemothera-
peutic agents (Donnenberg and Donnenberg 2005). A dramatic exam-
ple can be found in chemotherapy-induced alopecia, which results from
damage to the rapidly cycling progenitor cells of the hair follicle (Paus
and Cotsarelis 1999; Alonso and Fuchs 2003). However, alopecia is re-
versed on cessation of therapy because the common precursor of the
four distinct cell types within the follicle, as well as skin epithelial cells
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themselves, is a resting epithelial stem cell (Rendl et al. 2005), which is
protected by constitutive MDR activity (Yano et al. 2005).

The cancer stem cell paradigm (Fiala 1968; Hamburger and Salmon
1977; Reya et al. 2001; Dick 2003; Al-Hajj et al. 2004; Donnenberg and
Donnenberg 2005; Dick and Lapidot 2005; Wicha et al. 2006; Polyak
and Hahn 2006) envisions the cancer-initiating cell as a genetically
damaged tissue stem cell, or a more mature cell that has reacquired
stem cell attributes through mutation. The unique insight that we de-
rive from the study of adult tissue stem cells is that drug resistance is
a normal self-protective mechanism that may be retained by the nascent
neoplasm on transformation of the tissue stem cell. The notion that the
cancer stem cell, or a subset of these cells, may have constitutive drug
resistance agrees with the observation that cancers often recur after ap-
parently successful therapy.

2 Results
2.1 ABGG2+ Cells Are Present in Therapy-Naive Tumor

and Normal Lung and Express Stem/Progenitor Markers

Stem cells from a variety of epithelial tissues have been enriched by
sorting for cells with constitutive MDR transporter activity. To inves-
tigate expression of the MDR transporter ABCG2 in freshly isolated
therapy-naive epithelial tumor cells, single-cell suspensions were pre-
pared from solid tumors, malignant ascites, and effusions. Normal lung
tissue was also investigated as a positive control. A population of non-
hematopoietic, cytokeratin+, ABCG2+ cells was present at low frequen-
cy in both neoplastic and normal tissues (Fig. 1).

All newly diagnosed untreated epithelial tumors contained a rare
subset of CD45– cytokeratindim ABCG2+ cells (0.43±0.57% of CD45–

cells, mean±SD). ABCG2+ cytokeratindim cells also expressed CD44
(69±18%) and the stem/progenitor markers CD90 (62±20%), CD117
(34±23%), and CD133 (25±23%). Eight ± five percent of ABCG2+ cells
(0.03% of CD45– cytokeratindim) had low forward and side light scatter
profiles compatible with small resting morphology.

None of these markers, alone or in combination, was able to distin-
guish normal lung from primary epithelial tumors. In contrast, ABCG2+

cells from previously untreated metastatic cancers (effusions and as-
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Fig. 1. Expression of ABCG2 and stem cell markers on freshly isolated nor-
mal lung tissue and therapy-naive malignant cells. To investigate expression
of the MDR transporter ABCG2 in freshly isolated therapy-naive tumor cells,
single-cell suspensions were prepared from solid tumors (lung cancer 7, ovarian
cancer 3) and malignant ascites and effusions (lung cancer 2, ovarian cancer 6,
gastric cancer 1) by mechanical dissection and collagenase digestion. Samples
were stained by seven-color flow cytometry for expression of ABCG2, CD45,
intracellular cytokeratin, CD44, CD90, CD117, and CD133. An average of 2.5
million events were acquired for each sample (min=200,000, max=6,000,000).
The first row shows the gating strategy used in this and subsequent analyses.
Forward scatter pulse height (x-axis) and pulse width (y-axis) are used to define
singlet cells and eliminate cell clusters. Forward and side light scatter are then
used to eliminate debris and dead cells. CD45 expression and side light scatter
are used to eliminate hematopoietic cells. The second row shows ABCG2 and
cytokeratin expression in the gated population of representative normal lung,
lung tumor, metastatic lung pleural effusion, and ovarian ascites. The percent-
ages of ABCG2+ cytokeratin+ cells are shown. The average frequency of these
cells at each site is shown in the first bar graph (error bars=SEM). The remain-
ing bar graphs show the frequencies of cells with resting morphology (lym-
phoid light scatter), CD44, CD90, CD117, and CD133 expression in the CD45–,
ABCG2+, cytokeratin+ population

�

cites) had significantly lower proportions of CD90+ and CD117+ cells
(p = 0.034, and 0.011, respectively) and a higher proportion of CD133+

cells (p = 0.015) than either normal lung or primary tumor. These data
demonstrate that therapy-naive epithelial tumors contain a rare sub-
population of MDR-positive, stem cell marker-positive cells, a pheno-
type shared with an equally rare subset present in normal lung tissue.
Further, this subpopulation was detectable in malignant effusions and
ascites, sites unlikely to harbor normal tissue stem cells. Together these
data suggest that stem cells within the tumor are not simply normal stem
cells engaged in wound healing, and that these tumor cells share mecha-
nisms with normal tissue stem cells that may equally confer resistance
to cytotoxic therapy.
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2.2 ABC Transporters Are Constitutively Active
in a Small Subset of Therapy-Naive Tumor Cells

Functional measurement of ABC transporter activity is important, since
expression and activity are not always well correlated (Webb et al.
1996). In Fig. 2 we show simultaneous transport of the MDR trans-
porter substrates Hoechst 33342 and R123 in freshly isolated cells from
a therapy-naive non-small cell lung tumor. The SP phenotype (ABCG2-
and ABCB1-mediated transport) comprised 4% of nonhematopoietic
cells, 29% of which had concomitant R123 efflux (ABCB1 transport;
Fig. 2, color-evented red). None of the SP negative cells (Hoechst bright)
transported rhodamine.

Virtually all of the dual transporting cells exhibited low light scatter,
consistent with a resting morphology. The ABC transporter specificity
of dye efflux was demonstrated with the ABCG2-specific inhibitor fu-
mitremorgin, which abrogated 75% of the SP phenotype. CD90+ cells
were present in both SP+ and SP– fractions, indicating that not all cells
bearing this stem cell marker have MDR activity. Furthermore, when
we examined R123 efflux among the CD45– CD117+ subset of un-
treated ovarian and lung tumor cells, MDR activity was restricted to the
subset with low morphologic complexity and G1/G0 cell cycle phase
(n = 5, data not shown). All epithelial tumors contained a small sub-
population of stem marker+ cells having resting morphology. Figure 3
shows imaging flow cytometry performed on an untreated freshly iso-
lated non small cell lung tumor. The CD45- CD90+ stem fraction shown
in panel A comprised 5% of CD45- singelt cells and were of uniform
small morphology with high nucleus to cytoplasm ratio. In contrast,
CD90- cells comprised the vast majority of CD45- tumor cells and were
heterogenous with respect to morphology. Taken together, these data
demonstrate that resting stem cell marker-positive tumor cells with low
morphologic complexity express both ABCG2 (breast cancer resistance
protein 1) and ABCB1 (P-glycoprotein) and exhibit the highest consti-
tutive MDR activity.
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Fig. 2. ABCG2 and ABCB1 activity in freshly isolated therapy-naive non-small
cell lung cancer. Antibody-stained suspended tumor cells were incubated si-
multaneously with the ABCG2/ABCB1 substrate Hoechst 33342 (8 µM) plus
the ABCB1 substrate rhodamine 123 (R123, 0.13 µM) for 90 min at 37°C
(Bertoncello and Williams 2004). Hoechst emission was separated with a 510-
nm dichroic long-pass filter. Blue and red fluorescence were measured with
450-65 nm and 670-20 nm bandpass filters, respectively. Propidium iodide (PI,
10 µg/mL) was added immediately before sample acquisition. All events were
gated on PI-excluding (live), nonhematopoietic singlets. Five million events
were collected. The leftmost panel shows a small population (4%) of Hoechst
33342-excluding cells in the typical pattern of the side population (SP). SP (top
panels) and non-SP cells (bottom panels) were further characterized: A propor-
tion of SP cells also excluded the ABCB1 substrate dye R123. These accounted
for 29% of the SP cells (color-evented red in the dot plots) and accounted for
almost all of the cells with low forward and side light scatter, consistent with
a resting morphology (Fig. 3). Non-SP cells did not transport R123 and were
exclusively of high light scatter. A significant proportion of both SP and non-
SP cells expressed CD90, often in combination with epithelium-specific antigen
HEA. Coincubation of tumor cells with Hoechst 33342, R123, and the ABCG2-
specific inhibitor fumitremorgin (10 µM) resulted in 75% inhibition of the SP
phenotype

2.3 Transporter-Positive and -Negative Cells Are Tumorigenic

In order to determine tumorigenicity of ABCG2 protected fractions,
particularly the resting fraction, ABCG2-positive and -negative CD90+

cell populations were sorted from a recurrent breast cancer pleural ef-
fusion. These populations were defined within the CD45– CD44+ frac-



252 V.S. Donnenberg et al.

Fig. 3. A,B CD45– CD90+ cells isolated from primary tumors have small resting
morphology. A freshly resected untreated non-small cell lung cancer was col-
lagenase digested and stained with CD45, CD90, and the nuclear stain Draq5
(5 µM). Virtual sorting was performed with an Amnis ImageStream100 imag-
ing flow cytometer (Amnis Corporation, Seattle WA). All analyzed cells were
singlets, as determined by a histogram of brightfield area versus brightfield as-
pect ratio. Images are composites of brightfield, CD90 (false-colored green),
and Draq5 (false-colored red). A Images of nonhematopoietic (CD45–) CD90+

cells. B Images from consecutive CD45– CD90– cells. CD90+ tumor cells were
small, with a relatively high nucleus-to-cytoplasm ratio

�

tion shown previously to contain tumorigenic breast cancer cells (Al-
Hajj et al. 2003). The tumorigenicity of low light scatter (resting) and
high light scatter (differentiated) tumor populations were examined sep-
arately. For each of the four fractions, the total cells recovered after sort-
ing were divided into four equal aliquots and injected into the mammary
fat pad admixed with 10,000 heavily irradiated (10,000 rads) sorted
CD45– tumor cells suspended in Matrigel. Thus animals received 43–58
sorted cells from the resting cell fractions and 633–13,200 cells from the
more prevalent high scatter fractions (Fig. 4). Additionally, two groups
of two mice each were injected at four sites each with 10,000 sorted
CD45– unirradiated or irradiated tumor cells, respectively. All sorted
CD90+ cell fractions generated tumors, even the rare resting fractions
where 43 and 58 cells were injected. The proportion of mice developing
tumors and the day of sacrifice are shown in Fig. 4, with characteristic
immunohistochemical staining for human cytokeratins. Tumors grew
slowly and were first palpable at 5–10 months. Irradiated cells were
not tumorigenic. None of the mice injected with sorted CD45–cells evi-
denced tumors at the time that mice injected with CD90+ cells were
sacrificed. However, small tumors were observed in two of eight sites
injected with CD45– cells when the experiment was terminated at day
371. Tumors were poorly differentiated with atypical nuclei.

Despite the homogeneity of the injected human cell populations, flow
cytometry of tumor xenografts revealed a heterogeneity strikingly simi-
lar to the clinical isolate, regardless of the sorted population of ori-
gin. Figure 5 shows a detailed flow cytometric analysis of the freshly
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Fig. 4. In vivo tumorigenicity of ABCG2+ and ABCG2– breast cancer cells.
Twenty NOD/SCID mice were injected with FACS-sorted freshly isolated
breast cancer pleural effusion cells as indicated. Sorted cells were admixed with
10,000 heavily irradiated CD45– tumor cells to minimize loss of small numbers
of sorted tumor cells. The proportion of mice developing tumors and the days
of sacrifice are indicated. Photomicrographs (×40 objective, H&E stain) illus-
trate histology on tumor xenografts harvested 302 days after injection of sorted
cells. Tumors from all fractions were poorly differentiated, with abundant hu-
man cytokeratin+ cells in most (not shown), but not all, tumors
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isolated pleural effusion, sorted population 4 (CD45– CD44+ CD90+

ABGG2–), and a tumor that was harvested 204 days after injection
of this population. With the exception of human CD45+ lymphohe-
matopoietic cells, which were prevalent in the effusion and absent in
the xenograft, all major effusion populations were observed in the xeno-
graft. Interestingly, the injected population was present at a similar fre-
quency in the original tumor and the effusion. This provides evidence
for self-renewal and expansion of the CD90+ ABCG2– fraction, since
only 13,200 cells were injected and the resulting tumor measured 3 mm.
Importantly, the injected ABCG2– cells gave rise to ABCG2+ cells that
were seen in both CD90+ and CD90– fractions, as they were in the fresh
clinical isolate.

To determine whether tumor xenografts could be passaged, tumors 1
and 4, harvested on day 302, were disaggregated and sorted into CD45–

CD44+ HEA+ CD90+ ABCG2– and CD45– CD44+ HEA+ CD90+

ABCG2+ fractions. Sorted cells were admixed with 10,000 irradiated
unsorted tumor cells, suspended in Matrigel, and injected into the mam-
mary fat pads of NOD/SCID mice (2 animals/fraction). The CD90+

ABCG2– fraction from tumors 1 and 4 yielded 875 and 1,285 cells per
injection site, respectively. The CD90+ ABCG2+ fraction from tumors
1 and 4 yielded 43,750 and 30,000 cells per injection site, respectively.
Mice were sacrificed on days 129 and 231 with 3- to 8-mm subcuta-
neous tumors at the injection sites of all fractions.

3 Discussion

In this report we have demonstrated the existence of a rare population
of CD44+ cytokeratin+ ABCG2+ CD90+ cells across a spectrum of pre-
viously untreated epithelial cancers, as well as in normal lung tissue.
A proportion of these cells has resting morphology and coexpresses the
stem/progenitor markers CD117 and CD133. The unexpected finding
that the ABCG2+ population and its subsets are detected at similar fre-
quency in normal and neoplastic tissues, as well as across epithelial can-
cers from different organs, suggests that elements of normal epithelial
stem cell function and differentiation are universally retained after neo-
plastic transformation. In contrast, great variability was seen in expres-
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Fig. 5. Self-renewal and differentiation in a breast cancer tumor stem cell
xenograft. The first column shows seven-color flow cytometry performed on
the freshly isolated breast cancer pleural effusion, which was sorted and in-
jected into NOD/SCID mice. Superimposed are gates identical to those used to
sort population 4 (high light scatter, CD45–, CD44+, CD90+, ABCG2–; 13,200
cells injected/mouse). The second column shows the tumor xenograft, which has
differentiated substantially, showing light scatter heterogeneity, and the emer-
gence of CD44 and CD90 negative populations. Most importantly, a popula-
tion of ABCG2+ cells (dashed box, 0.9%) was observed, indicating that MDR
expression can be induced in the progeny of ABCG2– cells. Self-renewal can
also be seen in the solid boxes (column 2), which indicate the xenograft tu-
mor population falling within the original sort logic used to isolate population
4. Similar to the original pleural effusion, these cells comprised 13.1% of the
xenograft tumor. However, since they arose from only 13,200 injected cells, the
original CD45– CD44+ CD90+ ABCG2– cells expanded substantially within
the xenograft tumor. Note: All histograms were gated on singlets (not shown).
A total of 6 million effusion cells and 1.1 million xenograft tumor cells were
analyzed
�

sion of maturation/differentiation markers (cytokeratin, MUC-1, HEA)
between tumors from different organs, reflecting the different tissues
of origin (data not shown). Interestingly, the frequency of CD90+ and
CD117+ cells (candidate stem fraction) was lower and the frequency of
CD133+ cells (candidate progenitor fraction) was higher in untreated
metastatic sites (Fig. 1).

Sorted CD44+ CD24– breast cancer cells (Al-Hajj et al. 2003), as
well as sorted CD133+ cells from brain tumors (Singh et al. 2004)
and prostate cancer (Collins et al. 2005), have previously been shown
to be tumorigenic in NOD/SCID mice. Although these studies have
been widely quoted as supporting the cancer stem cell hypothesis, they
did not attempt to distinguish between stem and progenitor compart-
ments and did not determine whether the tumorigenic fraction was pro-
tected by mechanisms common to normal tissue stem cells. In this re-
port we used the markers CD90, CD117 and CD133 to identify the
stem/progenitor fraction within the CD45– CD44+ compartment. Within
this population, low morphologic complexity and the differentiation
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marker HEA were used to provisionally distinguish between resting
stem cells and more differentiated progenitor cells. We found that both
stem and progenitor populations are tumorigenic, and both have a subset
that expresses the ABC transporter ABCG2. However, only the resting
stem cell fraction had a subpopulation with constitutive activity of both
ABCG2 and ABCB1 transporters (Fig. 2). Further, the stem cell fraction
was tumorigenic at very high frequency.

Biologically, the salient finding is that untreated epithelial tumors
retain a vestige of the ordered growth and differentiation of the parent
tissue, including the persistence of resting stemlike cells (some of which
are protected by MDR transporters), a more differentiated tumorigenic
progenitor fraction, and their postmitotic nonclonogenic progeny. De-
spite the phenotypic heterogeneity of tumorigenic cells, the most criti-
cal population from a therapeutic standpoint is the resting stem cell-like
population. We hypothesize that this population is as resistant to cyto-
toxic therapy as its normal counterpart, by virtue of constitutive MDR
activity and possibly other protective mechanisms afforded by the niche
in which it persists (Arai et al. 2005). This population provides an attrac-
tive candidate for the cancer stem cell postulated by Weissman (Reya
et al. 2001; Al-Hajj et al. 2004) Dick (Dick 2003; Dick and Lapidot
2005) and others: a resting, drug resistant tumor cell that can lay dor-
mant after initially successful therapy, providing a seed for later recur-
rence and metastasis.

The finding of intrinsic MDR activity within a rare resting tumori-
genic population is not explained by the conventional MDR paradigm,
which views ABC transporter-mediated drug resistance as a trait that tu-
mor cells acquire on drug exposure through substrate-driven induction,
gene amplification, or regional gene activation. By concentrating on
freshly isolated therapy-naive clinical isolates, we have demonstrated
that ABC transporter expression and activity is present before expo-
sure to cytotoxic agents. Given the central role of MDR transporters
in protecting normal tissue stem cells, our data support a broadened
interpretation of the cancer stem cell paradigm, and provide a unified
explanation for the successes and failures of cytotoxic antineoplastic
therapy. Namely, the ultimate target, the MDR-protected resting can-
cer stem cell, is spared along with its normal tissue stem cell coun-
terparts. Since cytotoxic regimens must be designed to minimize irre-
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versible toxicity to normal tissue, the therapeutic index has tradition-
ally been thought of as the differential sensitivity of measurable tumor
versus that of the highly protected adult tissue stem cell compartment,
which is required for regeneration. Our findings recast this concept as
the differential sensitivity of MDR-protected tumor stem cells and their
normal tissue counterparts.

4 Methods

4.1 Patient Samples

Thirty-four patient samples (tumor, adjacent normal tissue, ascites, and
pleural effusions) were acquired under protocols approved by the Uni-
versity of Pittsburgh Internal Review Board. With the exception of the
sample described in Figs. 4 and 5, all were obtained from patients at the
time of tumor resection and before cytotoxic or radiation therapy.

4.2 Tissue Digestion

Solid tissues were minced with paired scalpels, digested with type I
collagenase (4% in RPMI 1640 medium, Sigma Chemicals, St. Louis,
MO) (Elder and Whiteside 1992) and disaggregated through 100 mesh
stainless steel screens. Ten to 500 million viable cells were recovered
from 5 to 10 mm3 specimens of tumor or normal lung parenchyma.
Pleural effusions and ascites were concentrated, collagenase digested,
and separated on a ficoll/hypaque gradient.

4.3 Staining and Flow Cytometry

Single cell suspensions were stained according to a protocol described
in detail elsewhere (Donnenberg and Donnenberg 2003). Five minutes
before staining with fluorochrome-conjugated monoclonal antibodies,
neat mouse serum (5 µL) was added to each cell pellet to minimize
nonspecific antibody binding. Before cytokeratin staining, cells were
stained for surface markers and permeabilized with 0.1% saponin
(Beckman Coulter, Fullerton, CA) in phosphate-buffered saline with
0.5% human serum albumin. Antibodies and dyes used in these stud-
ies included HEA-FITC (Miltenyi Biotech, Bergisch Gladbach, Ger-
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many, Cat. No. 12000420), pan cytokeratin-FITC (Beckman Coulter,
Cat.
No. IM2356), CD44-PE (Serotec, Oxford, UK, Cat. No. MCA 89PE);
CD90-biotin (BD, Cat. No. 555594), streptavidin-ECD (Beckman Coul-
ter, Cat. No. IM3326), ABCG2-PC5 (Chemicon, Temecula, CA, Cat.
No. MAB4155PC), CD117-PC7 (Beckman Coulter, Cat. No. IM3698),
CD133-APC (Miltenyi Biotech, Cat. No. 120001241), CD45-APCC7
(BD, Cat. No. 557833), propidium iodide (Calbiochem, La Jolla, CA,
Cat. No. 537059), rhodamine 123 (Sigma Chemicals, St. Louis MO,
Cat. No. R8004), Hoechst 33342 (Invitrogen, Carlsbad, CA, Cat.
No. H3570), and Draq5 (Alexis Biochemicals, Lausen, Switzerland,
Cat. No. BOS-889-001-R200). Fumitremorgin was purchased from
Alexis (Cat. No. ALX-350-127). Seven-color analysis was performed
with the three-laser, nine-color CyAn LX cytometer (DakoCytomation,
Fort Collins, CO). Sorting and analysis requiring an ultraviolet laser was
performed on a three-laser, eight-color DakoCytomation MoFlo. An ef-
fort was made to acquire a total of 5 million cells per sample at rates not
exceeding 10,000 events/s. The cytometers were calibrated before each
use with SpectrAlign beads (DakoCytomation, Cat. No. KO111) and
eight-peak Rainbow Calibration Particles (Spherotech, Libertyville, IL,
Cat. No. RCP-30-5A). Color compensation matrixes were calculated for
each staining combination within each experiment, using single-stained
mouse IgG capture beads (Becton Dickinson, Cat. No. 552843) for each
antibody and single-stained cells for rhodamine 123. Off-line analysis
was performed with Summit software (DakoCytomation). In all ana-
lyses, doublets and clusters were eliminated with forward scatter peak
width versus height as a discriminator. Propidium iodide staining was
used to eliminate nonviable cells.

4.4 Tumor Xenografts

Female NOD.CB17-Prkdcscid/J mice 6–8 weeks of age were purchased
from The Jackson Laboratory (Bar Harbor, ME), and housed five to
a cage in a specific pathogen-free environment. Before injection of tu-
mor cells, mice were anesthetized by methoxyflurane inhalation. Sorted
cells were admixed with sorted CD45– tumor (irradiated with 10,000 rads
from a 137Cs source) and suspended in 25 µL of ice-cold DMEM, 15%
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FBS, plus 25 µL of Matrigel (Becton Dickinson). Fifty microliters of
ice-cold cell suspension were injected subcutaneously into the mam-
mary fatpads (4 injections/animal). Animals were examined twice weekly
for behavioral changes and evidence of tumor.

4.5 Statistical Analysis

The frequencies of cells expressing stem cell markers were compared
with Student’s t-test for two groups (2-tailed test). Statistical tests, de-
scriptive statistics, and graphic analysis (other than cytometry) were
performed with Systat version 11 (Systat Software Inc, Richmond, CA).
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