
The American Journal of Pathology, Vol. 178, No. 5, May 2011

Copyright © 2011 American Society for Investigative Pathology.

Published by Elsevier Inc. All rights reserved.

DOI: 10.1016/j.ajpath.2011.01.047
Tumorigenesis and Neoplastic Progression

Selection of Brain Metastasis-Initiating Breast

Cancer Cells Determined by Growth on Hard Agar
Lixia Guo,* Dominic Fan,* Fahao Zhang,*
Janet E. Price,* Ju-Seog Lee,† Dario Marchetti,‡

Isaiah J. Fidler,* and Robert R. Langley*
From the Departments of Cancer Biology–Cancer Metastasis

Research Center * and Systems Biology–Division of Cancer

Medicine,† The University of Texas M.D. Anderson Cancer

Center, Houston; and the Department of Molecular and Cellular

Biology,‡ Baylor College of Medicine, Houston, Texas

An approach that facilitates rapid isolation and charac-
terization of tumor cells with enhanced metastatic po-
tential is highly desirable. Here, we demonstrate that
plating GI-101A human breast cancer cells on hard
(0.9%) agar selects for the subpopulation of metastasis-
initiating cells. The agar-selected cells, designated GI-
AGR, were homogeneous for CD44� and CD133� and
five times more invasive than the parental GI-101A cells.
Moreover, mice injected with GI-AGR cells had signifi-
cantly more experimental brain metastases and shorter
overall survival than did mice injected with GI-101A
cells. Comparative gene expression analysis revealed
that GI-AGR cells were markedly distinct from the pa-
rental cells but shared an overlapping pattern of gene
expression with the GI-101A subline GI-BRN, which was
generated by repeated in vivo recycling of GI-101A cells
in an experimental brain metastasis model. Data min-
ing on 216 genes shared between GI-AGR and GI-BRN
breast cancer cells suggested that the molecular pheno-
type of these cells is consistent with that of cancer stem
cells and the aggressive basal subtype of breast cancer.
Collectively, these results demonstrate that analysis of
cell growth in a hard agar assay is a powerful tool for
selecting metastasis-initiating cells in a heterogeneous
population of breast cancer cells, and that such selected
cells have properties similar to those of tumor cells
that are selected based on their potential to form metas-
tases in mice. (Am J Pathol 2011, 178:2357–2366; DOI:

10.1016/j.ajpath.2011.01.047)

The vast majority of cancer deaths result from progres-
sive growth of metastases that are resistant to conven-

tional therapies.1 Metastases originate from a selected
subpopulation of cells that reside in a biologically hetero-
geneous primary tumor.2,3 Results from experimental4

and clinical5 examinations indicate that most metastases
are clonal in origin and that the metastatic process is
highly selective.6 Studies have also shown profound dif-
ferences between local and disseminated cancers,7 sug-
gesting that information on primary tumors alone may not
be sufficient to determine optimal therapeutic interven-
tions. For this reason, researchers have directed consid-
erable effort toward improving understanding of the mo-
lecular phenotypes of metastasis-initiating tumor cells.

One widely used experimental approach to isolate
populations of tumor cells with enhanced metastatic po-
tential is an in vivo selection process in which tumor cells
are implanted into syngeneic or immunodeficient mice
and metastasis is allowed to occur. Tumor cells from the
resultant metastatic lesions can be isolated and ex-
panded to establish cell sublines, some of which may
have higher metastatic capacity than the parental tumor-
cell population.8 Comparative gene expression profiling
of parental tumor cells and their metastatic subpopula-
tions has yielded invaluable information regarding the
genetic determinants critical for organ-specific metasta-
sis.9 For example, Kang et al10 compared the transcrip-
tional profiles of parental MDA-231 human breast cancer
cells with those of a bone-colonizing variant of this cell
line and reported the underlying gene expression signa-
ture required for organ tropism to bone. Investigators
used a similar approach to identify genes whose expres-
sion is critical for metastasis of breast cancer cells to the
brain11 and lungs.12

Nevertheless, although this in vivo selection technique
has provided new insight into the cellular and molecular
mechanisms that control site-specific metastasis, there
are some disadvantages. Perhaps the principal draw-
back of in vivo selection is that it can be time-consuming,
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often requiring several rounds of tumor-cell implantation
and in vitro expansion to enrich for populations of cells
with enhanced metastatic capacity. For example, a pre-
vious study showed that 10 cycles of selection were
needed to generate the murine B16-F10 melanoma cell
line with enhanced ability to generate lung metastases.13

Another highly invasive melanoma cell variant required
six selection cycles before it could undergo full charac-
terization.14 In addition, repeated cycling of tumor cells in
mice is not a practical approach to examining tumor
samples collected from patients. Clearly, an in vitro
method that facilitates the rapid isolation, identification,
and characterization of metastasis-initiating cells is highly
desirable.

Researchers have widely used cloning techniques with
semisolid medium, such as evaluating cell growth in soft
agar, to study the biology of murine and human progen-
itor cells.15 Agar assays can also distinguish tumor cells
from nontransformed cells, because cells lacking the
ability to undergo anchorage-independent growth are un-
able to thrive on an agar substrate.16,17 Previous work in
our laboratory demonstrated that the growth of nonmeta-
static tumor cells on agar could be restricted when the
concentration of the agar medium was increased from
0.3% (soft agar) to 0.6% (hard agar).17 Moreover, the
growth capacity of human tumor cells on hard agar cor-
related with their metastatic potential in vivo.18 In those
studies, however, we were unable to perform a system-
atic molecular comparison of metastatic tumor cells se-
lected on hard agar with those selected using an in vivo
procedure.

In the present study, we isolated a subpopulation of
GI-101A human breast cancer cells (GI-AGR cells) ca-
pable of growing on 0.9% hard agar and compared them
with a subpopulation of GI-101A cells obtained in vivo
using several rounds of selection in the brains of nude
mice (GI-BRN cells). Our results suggest that these two
methods yielded cells with common molecular character-
istics and that selection of cancer cells based on their
ability to grow on hard agar is a rapid approach to iso-
lating cells that may ultimately form metastases. We look
forward to extension of this method to other types of tumor
cells and, more importantly, clinical biopsy specimens for
identification of new molecular targets for therapy.

Materials and Methods

Breast Cancer Cell Line and Sublines

The human breast cancer cell line GI-101A19 was pro-
vided by Dr. Janet E. Price (The University of Texas M.D.
Anderson Cancer Center). The cell line was tested at the
M.D. Anderson Characterized Cell Line Core Facility us-
ing short tandem repeats DNA profiling. The results of
that analysis indicated that there was no untoward match
between this newly accessioned cell line and an existing
DNA profile. GI-101A cells were maintained in Dulbec-
co’s minimum essential medium (DMEM; Invitrogen,
Carlsbad, CA), supplemented with 10% fetal bovine se-

rum (FBS; HyClone, Logan, UT), L-glutamine, and a 5%
(v/v) insulin selenium-transferrin supplement (Sigma-Al-
drich, St. Louis, MO). The GI-101A sublines GI-AGR and
GI-BRN were maintained in identical media and were
cultured as monolayers in a 37°C humidified incubator
containing a mixture of 5% CO2 and 95% air.

Mice

Female athymic nude mice (NCI-nu) were purchased
from the Animal Production Area of the NIH National
Cancer Institute (Frederick, MD). The mice were housed
and maintained under pathogen-free conditions in facili-
ties approved by the American Association for Accredi-
tation of Laboratory Animal Care and were used in ac-
cordance with institutional guidelines.

Tumor-Cell Growth in Agar and Establishment
of the GI-101A Hard Agar-Selected Subline
GI-AGR

Agar assays were performed as described previously.18

In brief, 1 mL of DMEM containing 10% FBS and 0.6%
agar was plated into individual wells of six-well plates (BD
Biosciences, San Jose, CA). GI-101A cells were har-
vested via brief exposure to a solution containing 0.25%
trypsin/0.02% EDTA (v/v) and then resuspended in
DMEM containing 10% FBS. The resulting cell mixture
was then passaged through a 40-�m cell strainer (BD
Biosciences) to generate a single-cell suspension. Cells
were seeded at a density of 5 � 103 cells/well in 1 mL of
DMEM containing 10% FBS and 0.3%, 0.6%, or 0.9%
agar. This cell-containing mixture was then pipetted gen-
tly over the bottom layer of agar in the wells. One milliliter
of DMEM containing 10% FBS was periodically added to
the wells to keep the agar surface hydrated. The numbers
and diameters of tumor colonies were calculated when
the tumor colonies became visible. Colonies growing on
0.9% agar that exceeded 200 �m in diameter were har-
vested using pipet tips and were transferred to a 3.5-cm
plastic culture dish (Corning Life Sciences, Lowell, MA).
This cell subline was designated as GI-AGR, to distin-
guish it from the parental GI-101A cell line.

Experimental Brain Metastasis Model and
Establishment of the Subline GI-BRN

To identify parental GI-101A cells capable of producing
experimental brain metastases in mice, eight female
nude mice were injected with GI-101A cells via the com-
mon carotid artery as described previously.20 The mice
were euthanized by injecting sodium pentobarbital (Ab-
bott Laboratories, Des Plaines, IL) when they became
moribund or on day 200 after tumor-cell injection. Visible
metastases were placed in a medium containing DMEM
supplemented with 0.2% type IV collagenase (Sigma-
Aldrich), incubated in a 37°C water bath for 1 hour, and
then centrifuged, resuspended in culture medium, and
passaged through a 40-�m mesh. The cells were ex-
panded and injected into female mice, and the cycle was

repeated two additional times. The resulting GI-101A tu-
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mor cells that were recycled to the brain were termed
GI-BRN cells.

Tumor-Cell Invasion

To determine the invasive capacity of GI-101A, GI-AGR,
and GI-BRN cells, we seeded them at a density of 1 �
105 cells/well into 8-�m inserts precoated with Matrigel
(BD Biosciences). The cells were added to the inserts in
100 �L of serum-free DMEM and then placed in 24-well
plates containing 600 �L of DMEM plus 10% FBS. The
assay was terminated after 36 hours, and the inserts were
fixed and processed for cell counting. The cells were
examined under a microscope, and the numbers of mi-
grating cells in four high-power fields (�200 magnifica-
tion) were recorded. The assay was performed in tripli-
cate, and the experiment was repeated three times.

Comparative Gene Expression Analysis

Parental GI-101A, GI-AGR, and GI-BRN cells were used
to generate total RNA samples for analysis. Samples
were labeled and hybridized to Sentrix Human-6 v2 Ex-
pression BeadChips according to the manufacturer’s
protocol (Illumina, San Diego, CA). In brief, cDNA was
generated from total RNA using an Illumina TotalPrep
RNA amplification kit (Applied Biosystems, Foster City,
CA). Next, in vitro transcription was performed to incor-
porate biotin-labeled nucleotides into cRNA for 4 hours at
37°C. A total of 1500 ng of biotin-labeled cRNA was
hybridized to Sentrix Human-6 v2 Expression BeadChips
at 58°C for 16 hours. Hybridized biotinylated cRNA was
detected using 1 �g/mL cyanide 3-streptavidin (GE
Healthcare, Piscataway, NJ), and the BeadChips were
scanned using a BeadArray Reader (Illumina) without
any normalization or background subtraction. Gene ex-
pression data were normalized using the quantile normal-
ization method with the LIMMA package in the R pro-
gramming language (http://www.r-project.org). The level
of expression of each gene was transformed into a log2

function for further analysis. To identify differentially ex-
pressed genes in the different groups of samples, a ran-
dom-variance t-test was performed and gene expression
differences were considered statistically significant if the
P value was �0.001. Gene expression assays were per-
formed in quadruplicate.

Semiquantitative and Quantitative RT-PCR
Analysis

Total RNA was isolated from GI-101A, GI-AGR, and GI-
BRN cells using standard molecular biological tech-
niques. First-strand cDNA was synthesized using the
SuperScript first-strand synthesis system according to
the manufacturer’s instructions (Invitrogen). PCR analysis
was performed for a total of 25 to 28 cycles. For quanti-
tative PCR reactions, 1:10 dilutions of cDNA products
were amplified using SYBR Green PCR master mix (Ap-
plied Biosystems) and analyzed using an ABI Prism 7500

Fast System (Applied Biosystems). The following four
sets of primers were used to amplify the specific human
genes: Forkhead box A1 (FOXA1) 5=-GTGGGTCCAG-
GATGTTAGGA-3= (forward) and 5=-CCGCAGTCATGCT-
GTTCAT-3= (reverse); �-aminobutyric acid A receptor, pi
(GABRP) 5=-CTCTCCAAATCCAGCCAGAG-3= (forward)
and 5=-ATGATTGGCTCATACAACCACA-3= (reverse); msh
homeobox 1 (MSX1) 5=-AAGTTCCGCCAGAAGCAGTA-3=
(forward) and 5=-TCAGGTGGTACATGCTGTAG-3= (re-
verse); and basonuclin (BNC1) 5=-AGCTCAGATGAAGA-
CATGCC-3= (forward) and 5=-CTTTGAAGATGACAGAT-
GTCTGGG-3= (reverse).

Western Blot Analysis

Western blot analysis was performed as previously de-
scribed.20 Western analyses of proteins were performed
by using dickkopf-related protein-3 (3 Dkk-3; R&D Sys-
tems, Minneapolis, MN), anti-secreted frizzled-related
protein 1 (sFRP1) (Cell Signaling Technology, Danvers,
MA), anti-�-actin (Sigma-Aldrich), and the corresponding
horseradish peroxidase-conjugated antibodies.

Expression of CD44 and CD133 in GI-101A,
GI-AGR, and GI-BRN Cells

Cultured parental GI-101A, GI-AGR, and GI-BRN cells in
log-phase growth were harvested via brief exposure to a
0.25% trypsin/0.02% EDTA solution (v/v). Harvested cells
were centrifuged for 5 minutes at 200 � g and then
prepared for sorting. The cells were labeled by resus-
pending the pellet in 2% DMEM containing 2 �g/mL
phycoerythrin-conjugated CD133 antibody (Miltenyi Bio-
tec, Auburn, CA) and 2 �g/mL fluorescein isothiocya-
nate-conjugated CD44 antibody (BD Biosciences). Cells
were incubated in this solution for 45 minutes at 4°C,
washed twice, and resuspended in DMEM. Additional
GI-101A cells labeled with phycoerythrin- and fluorescein
isothiocyanate-conjugated isotype standards (BD Biosci-
ences) were used to assess the level of background
intensity. Cell staining was evaluated using a Beckman
Epics Elite flow cytometer (Beckman Coulter, Fullerton,
CA). Gating parameters were adjusted based on the
fluorescence histograms of the positive and negative
controls.

Expression of CD133 in GI-101A Primary Breast
Tumors and Brain Metastases

To produce primary breast tumors, female nude mice
were injected in the mammary fat pad with 1 � 106

parental GI-101A cells. Four weeks later, the tumors were
harvested as described previously.18 Paraffin-embedded
GI-101A tumors harvested from the mammary fat pads
and brains of nude mice were processed and immuno-
labeled with an antibody directed against CD133 or an
isotype matched control. A goat anti-rabbit Alexa 594
antibody (A-11037, 1:1500) was used for visualization,
and images were captured with a Zeiss Axioplan fluores-

cent microscope (Carl Zeiss, Göttingen, Germany). Cells

http://www.r-project.org
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that were positive for CD133 were identified by red fluo-
rescence.

Expression of CD44 and CD133 in Clinical
Samples of Breast Cancer Brain Metastasis

Five clinical cases of grade 3 invasive ductal carcinomas
metastatic to the brain were provided by Dr. Dario Mar-
chetti (Baylor College of Medicine) with the approval of
the Institutional Review Board. Paraffin-embedded tis-
sues were sectioned (6-�m thick) and used to detect
expression of CD44 and CD133. Tissue sections were
mounted on positively charged Superfrost slides (Fisher
Scientific, Pittsburgh, PA) and dried overnight. The sec-
tions were deparaffinized in xylene, dehydrated in a
graded series of alcohol [100%, 95%, and 80% ethanol/
water (v/v)], and rehydrated in PBS (pH 7.5). Antigen
retrieval was performed using heat retrieval with Diva
Decloaker solution (Biocare Medical, Concord, CA). En-
dogenous peroxidase activity was blocked with 3% hy-
drogen peroxide in methanol. Samples were incubated in
a protein-blocking solution (5% normal horse serum and
1% normal goat serum in PBS) and then overnight at 4°C
with the individual primary antibody in blocking solution.
Control samples were not incubated with primary anti-
bodies. The following primary antibodies were used for
these studies: CD133 (19898; Abcam, Cambridge, MA)
and CD44 (51037; Abcam). Both antibodies were used at
a concentration of 1:100. Slides were rinsed three times
(five minutes each) in PBS and then incubated with
MACH4 HRP polymer (Biocare Medical) for 30 minutes at
ambient temperature. A positive reaction was detected
by exposure to stable 3,3=-diaminobenzidine for 5 to 10
minutes. Slides were counterstained with Gill’s number 3
hematoxylin and viewed with a Nikon Microphot-FXA
photomicroscope (Nikon Instruments, Tokyo, Japan)
equipped with a Leica DFC320 digital camera (Leica
Microsystems, Wetzlar, Germany) and representative im-
ages from each tumor sample were captured using
Adobe Photoshop CS3 software.

Experimental Lung and Liver Metastasis Models

To determine whether the hard agar assay selected for
metastatic cells per se, or for brain metastatic cells spe-
cifically, we assessed the potential of GI-101A parental
cells and GI-AGR cells to form metastases in the liver and
lungs of nude mice. To evaluate liver metastasis, we
created a small incision in the left abdominal flank of
anesthetized (methoxyflurane) mice and injected either
GI-101A or GI-AGR tumor cells (5 � 105 cells/40 �L
HBSS) into the spleen of mice (10 mice in each group).
The spleen was returned to the abdomen and the wound
was closed in one layer with wound clips. Intravenous
injection was used to evaluate the formation of lung me-
tastases in mice. GI-101A or GI-AGR tumor cells (1 � 106

cells/200 �L HBSS) were injected into the lateral vein of
nude mice (10 mice in each group) with a 27-gauge
needle. The mice were monitored daily, and all mice were

euthanized 115 days following tumor cell injection. The
liver and lungs of mice were removed and placed in
Bouin’s fixative for 24 hours. The number of visible liver
and lung metastases was determined with the aid of a
dissecting microscope. Tissue sections were stained with
H&E for histological analysis.

Statistical Analysis

The significance of differences in invasion and colony
and metastasis formation were analyzed using Student’s
two-tailed t-test. Survival rate estimates and median sur-
vival durations were determined using the Kaplan-Meier
method. The survival data were tested for significance
using the Mantel-Cox log-rank test.

Results

Generation of the Hard Agar GI-AGR Subline

We tested the anchorage-independent growth capacity
of parental GI-101A cells by plating them on agar at
increasing concentrations (0.3%, 0.6%, and 0.9%) sup-
plemented with 10% FBS. On 0.3% agar, tumor cells
formed many colonies that varied in size (Figure 1, A and
B); however, the number of colonies formed on 0.6% agar
was dramatically reduced, and the cells generated very
few colonies on 0.9% agar. The colonies that formed on
0.9% hard agar were isolated and expanded in cell cul-
ture and thereafter referred to as GI-AGR.

Invasive and Metastatic Capacity of GI-101A
Parental and GI-AGR Breast Cancer Cells

We found that the GI-AGR cells were almost five times more
invasive than the parental GI-101A cells (Figure 2A). We
next examined the ability of GI-101A and GI-AGR cells to

Figure 1. Plating on hard agar selects for a small population of GI-101A
breast cancer cells. A: GI-101A cells were plated at 5000 cells/well on 0.3%,
0.6%, or 0.9% agar. Cell growth on the agar was evaluated after 60 days.
B: The number of colonies on each agar surface was recorded in triplicate;
data are reported as means � SD. The numbers of colonies that formed on

0.6% agar (*P � 0.0005) and 0.9% agar (**P � 0.0001) were significantly
lower than those that formed on 0.3% agar.
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form experimental brain metastases following injection into
the common carotid artery in nude mice. The GI-101A cells
produced metastases in four of eight mice (50%), whereas
the GI-AGR cells formed brain metastases in seven of eight
mice (88%) (Figure 2B). Moreover, the median overall
survival duration in mice injected with GI-AGR cells was
significantly shorter than that in mice injected with GI-
101A cells, most likely because of the larger sizes and
greater numbers of brain metastases formed by the GI-
AGR cells (Figure 2C).

Generation of the GI-BRN Subline through
in Vivo Selection

To identify the subpopulation of parental GI-101A cells
capable of forming experimental brain metastases in
nude mice, we initially injected eight mice with GI-101A
cells via the common carotid artery. We euthanized mice
when they began to exhibit gait and balance difficulties
and harvested the brains. We isolated and expanded the
metastatic cells as described above and injected them
into the common carotid arteries of nude mice. We re-
peated this in vivo cycling two additional times and des-
ignated the final cell line established using this process
as GI-BRN.

We next compared the ability of GI-BRN cells to form
colonies on agar with that of the parental GI-101A and
GI-AGR cells. Similar to our initial examination, GI-101A
cells formed numerous colonies on 0.3% agar, but the
number of colonies was dramatically lower when we
plated the cells on 0.9% agar (Figure 3). The colonies
formed by GI-BRN and GI-AGR cells on 0.3% agar were

Figure 2. Plating on 0.9% agar selects for GI-101A cells that are invasive and
metastatic. A: GI-101A and GI-AGR cells were plated onto the upper cham-
bers of 8-�m Matrigel-coated inserts and the number of invading cells was
recorded. The assay was repeated three times; results of a representative
experiment are shown. B: Kaplan-Meier plot comparing survival durations in
mice injected with parental GI-101A cells and GI-AGR cells. C: H&E staining
of brain metastases in mice formed by GI-AGR cells 60 days after injection
(left) and GI-101A cells 90 days after injection (right) of the cells into the
common carotid artery. Insets: Tumor cells at higher magnification. Original
magnification, �20. Scale bars � 50 �m.
much larger than those formed by GI-101A cells. When
we plated the cells on 0.6% and 0.9% agar, both GI-BRN
cells (selected in vivo) and GI-AGR cells (selected in vitro)
produced more and larger colonies than did the parental
cells.

Comparative Transcriptional Profiling of
GI-101A, GI-AGR, and GI-BRN Cells

To examine the molecular basis for the correlation be-
tween breast cancer cell growth on hard agar and the
ability of these cells to produce brain metastases in mice,
we conducted gene expression profiling of the parental
GI-101A, GI-AGR, and GI-BRN cells using an Illumina
bead-array gene expression platform with 48,000 gene
features. To prevent any potential false-positive genes
resulting from technical variance, all of these experiments
were performed in quadruplicate. The results revealed
fundamental differences in gene expression between GI-
101A and GI-AGR cells. Using P � 0.001 and fold-
change �2 as selection criteria, we found that a total of
402 genes were differentially expressed in GI-101A and
GI-AGR tumor cells (Figure 4A). We obtained strikingly
similar results when we compared the patterns of gene
expression in GI-101A and GI-BRN cells: a total of 373
genes were differentially expressed in these two cell
lines. We then analyzed both of the differential expression
data sets to identify those genes that were common to
both GI-AGR and GI-BRN cells. This examination re-
vealed that 216 genes (�50% of the differentially ex-
pressed genes) were expressed at similar levels in
GI-AGR and GI-BRN cells (Figure 4A; see also Supple-
mental Table S1 at http://ajp.amjpathol.org), suggesting
that these genes play a role in the formation of brain
metastases.

Data mining was performed on the 216 genes similarly
expressed in GI-AGR and GI-BRN cells. The results re-
vealed significant increases in the expression of genes
that are characteristic of the basal subtype of breast
carcinoma, including MSX1,21 GABRP,22 SERPINB5,23

ANXA8,24 and KRT1425 (Table 1). The basal subtype of
breast cancer is usually associated with a poor progno-

Figure 3. GI-AGR and GI-BRN cells have higher capacities for growth on
hard agar than do GI-101A cells. GI-101A, GI-AGR, and GI-BRN cells were

3
cultured on 0.3%, 0.6%, or 0.9% agar in six-well plates (5 � 10 cells/well) for
30 days. Scale bar � 100 �m.

http://ajp.amjpathol.org
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sis,26 whereas the luminal subtype generally has a more
favorable prognosis.27 Genes associated with the luminal
subtype of breast cancer, such as FOXA1,28 SCGB2A1,29

and SCGB1D2,29 were found to be down-regulated in the
GI-AGR and GI-BRN cells. We validated the expression
of several of these genes, including FOXA1, MSX1,
GABRP, and BNC1, using RT-PCR analysis (Figure 4B).
We readily detected FOXA1 expression in parental GI-
101A cells, but it was not expressed in either GI-AGR
or GI-BRN cells. MSX1, GABRP, and BNC1 were mini-
mally expressed in GI-101A cells, but were highly ex-
pressed in both GI-AGR and GI-BRN cells. This exam-
ination also suggested that the Wnt signaling pathway
was dysregulated in GI-AGR and GI-BRN cells. We
evaluated the expression of two proteins that are con-
sidered negative regulators of Wnt signaling (ie, sFRP1
and DKK3) and found that both had significantly lower
expression in GI-AGR and GI-BRN cells than in paren-
tal GI-101A cells (Figure 4C).

In Vitro and in Vivo Expression of CD44 and
CD133 in GI-AGR and GI-BRN Cells

The results of the expression analysis showed that the
GI-AGR and GI-BRN cells had high levels of expression

Table 1. Expression of Differentiation-Related Genes in GI-AGR

Unique identifier Gene symbol

ILMN_1777397 MSX1 msh homeobox 1
ILMN_1689146 GABRP gamma-aminobutyric
ILMN_1786720 PROM1 prominin 1 (PROM1)
ILMN_1793888 SERPINB5 serpin peptidase inhib
ILMN_1778087 ANXA8 annexin A8
ILMN_1665035 KRT14 keratin 14
ILMN_1766650 FOXA1 forkhead box A1
ILMN_1732398 SCGB2A1 secretoglobin, family 2

ILMN_1714536 SCGB1D2 secretoglobin, family 1D, me
of CD44, and CD133 antigens. To verify these gene ex-
pression data at the protein level, we performed fluores-
cence-activated cell sorting analysis of parental GI-101A,
GI-AGR, and GI-BRN cells that had been incubated with
antibodies against CD44 and CD133. The GI-101A cells
had high levels of expression of CD44, but were hetero-
geneous in their expression of CD133 (Figure 5A). In
contrast, 90% of the GI-AGR and GI-BRN cells had high
levels of expression of both CD44 and CD133, suggest-
ing that both the in vitro and in vivo selection processes
enriched for cell populations that coexpress CD44 and
CD133.

We next asked whether cells with high levels of CD133
expression were the authentic progenitor cells that grow
on hard agar and for generation of brain metastases.
First, we performed fluorescence activation-based cell
sorting to separate parental GI-101A cells into two dis-
tinct populations, based on their levels of CD133 expres-
sion (CD133high and CD133low). We then placed identical
numbers of cells in both of the populations on 0.9% agar
and evaluated their growth. The CD133high cells exhib-
ited much greater growth capacity than did the CD133low

cells (Figure 5B). Next, we examined the expression of
CD133 in brain metastases that were generated by injec-
tion of parental GI-101A cells into the common carotid

Figure 4. Comparative transcriptional profiling
of GI-101A, GI-AGR, and GI-BRN cells. A: Using
selection criteria of P � 0.001 and fold-change in
gene expression �2, a total of 402 genes were
differentially expressed in parental GI-101A and
GI-AGR cells; 373 genes were differentially ex-
pressed in GI-101A cells and GI-BRN cells, and
216 of the differentially expressed genes were
expressed in both GI-AGR and GI-BRN cells.
B: RT-PCR analysis of the expression of FOXA1,
MSX1, GABRP, and BNC1 in GI-101A, GI-AGR,
and GI-BRN cells. �-actin was used as a loading
control. C: Western blot analysis showed that
expression of sFRP1 and DKK3 was significantly
lower in GI-BRN and GI-AGR cells than in pa-
rental GI-101A cells.
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artery in nude mice. Most of the tumor cells isolated from
the brain metastases expressed CD133 (Figure 5C). To
determine whether parental GI-101A cells expressed
CD133 merely because they grew in nude mice, we im-
planted these cells into the mammary fat pad in female
nude mice. We then immunostained the resultant tumors
with an anti-CD133 antibody. The CD133 expression in
the GI-101A cells that grew in these tumors was highly
heterogeneous, compared with that in the cells growing
in brain metastases (Figure 5C). These results suggest
that primary GI-101A-induced tumors contained sub-
populations of cells that expressed CD133 and that these
cells were the brain metastasis-initiating cells.

CD44 and CD133 Expression in Clinical
Samples of Breast Cancer Brain Metastasis

To determine whether CD44 and CD133 expression is a
molecular feature of clinical breast cancer brain metas-
tases, we performed immunohistochemical staining on
samples collected from five women with the disease. In
each of the samples, we observed expression of both
CD44 and CD133 antigens (Figure 6, A and B). Expres-
sion of CD44 and CD133 was heterogeneous, in that the

Figure 5. Elevated expression of CD133 in GI-101A cells correlates with
growth on hard agar and brain metastasis of these cells. A: GI-101A, GI-AGR,
and GI-BRN cells were labeled with fluorescein isothiocyanate-conjugated
CD44 and phycoerythrin-conjugated CD133 antibodies and then analyzed
using flow cytometry. B: CD133high GI-101A cells formed larger and more
numerous colonies than CD133low cells when plated on 0.9% agar. C: Im-
munofluorescent staining for CD133 in brain metastases and mammary fat
pad tumors (mfp) formed by GI-101A cells in mice.
intensity of staining was variable, with some samples
exhibiting more robust labeling than others. We also
noted that not all of the breast cancer cells in the brain
specimens expressed CD44 and CD133. In two different
cases, CD133 also localized to tumor-associated vascu-
lar endothelial cells (data not shown).

Experimental Metastasis of Parental GI-101A
and GI-AGR Cells to Liver and Lung

We next asked whether the hard agar assay selected for
cells with enhanced ability to metastasize to other organs
that are relevant to breast cancer metastasis, or if the
assay was selective only for cells with potential for form-
ing brain metastases. To address this question, we used
experimental models of lung and liver metastasis as de-
scribed under Materials and Methods, and evaluated me-
tastasis formation 115 days after injection of GI-101A and
GI-AGR tumor cells. We selected this time point to make
meaningful comparisons with the data from the experi-
mental brain metastasis model (Figure 2B). Both the GI-
101A and GI-AGR cancer cells were capable of forming
experimental brain metastases within this time frame. We
did not detect any evidence of liver metastases (micro-
scopic or macroscopic) in mice (0 of 10 mice) that were
injected with GI-101A cells, but 4 of 10 mice injected with
GI-AGR cells had liver metastases (P � 0.05; data not
shown). Similarly, no evidence of lung metastases was
observed in mice injected with GI-101A cells (0 of 10
mice), but 3 of 10 mice injected with GI-AGR cells had
lung metastases (P � 0.06; data not shown). Although
these experiments showed that the hard agar-selected
GI-AGR cells have the potential to experimentally metas-
tasize to other target organs, they also suggest that the
brain may offer a more conducive microenvironment for
growth of GI-101A and GI-AGR cells.

Discussion

The development of improved therapies for metastasis is
one of the primary goals of cancer research. All primary
neoplasms are biologically heterogeneous, and the pro-
cess of metastasis is highly selective1–3,6 Therefore, an
in vitro method that can rapidly isolate the precursor cells
of metastasis is highly desirable. Here, we have shown
that culturing a heterogeneous population of breast can-
cer cells on 0.9% agar selects for the metastasis-initiating

Figure 6. Representative immunohistochemical staining for CD133 (A) and

CD44 (B) in clinical samples of human breast cancer brain metastases.
Original magnification, �200. Scale bar � 100 �m.
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population of the cells and that much of the gene expres-
sion analyses of these cells are consistent with those of
breast cancer cells selected after successive in vivo cy-
cling in an experimental model of brain metastasis. Sim-
ilarly, examination of the in vivo selected breast cancer
subline GI-BRN revealed that the ability of these cells to
grow on hard agar was enhanced. These findings dem-
onstrate that this hard agar assay is a powerful tool for
rapidly identifying breast cancer cells capable of gener-
ating metastases.

Recent studies suggest that tumors are organized hi-
erarchically into clonally derived populations of cells with
different capacities for cell division, and that only small
fractions of tumor cells are capable of extensive re-
newal.30 Tumor- and metastasis-initiating cells have been
the focus of much recent investigation, because they are
thought to express genes that promote resistance to che-
motherapy and programmed cell death.31 Metastatic tu-
mor cells in both mice and humans have also been
shown to express genes that are characteristic of stem
cells.32 The present results suggest that both the in vitro
and in vivo selection processes enrich for subpopulations
of breast cancer cells that express CD44 and CD133, two
of the markers that have been used to identify stem
cells.33 We also found that both CD44 and CD133 were
expressed in clinical samples of human breast cancer
brain metastases, which lends further credibility to the
hard agar assay and the GI-101A cell line used in our
study.

CD133 is a cell surface glycoprotein that is thought to
participate in maintenance of the topology of the cell
membrane.34 CD133 may also be used as a marker to
identify tumor precursor cells from several different tu-
mors, including those originating in the brain,35 colon,36

pancreas,37 and lung.38 CD44 is a transmembrane gly-
coprotein that plays a key regulatory role in a number of
diverse processes, such as organ development, neuro-
nal axon guidance, immune regulation, and hematopoi-
esis.39 Investigators have also used CD44 to isolate tu-
mor-initiating cells from breast40 and prostate41 cancers.

The fact that the hard agar selection process could
select for tumor breast cancer cells that coexpress puta-
tive stem cell markers was, in itself, not surprising. In-
deed, studies by Hamburger and Salmon42 more than
three decades ago demonstrated that culture of tumor
cells on soft agar could be used to isolate tumor stem
cells from different cancers. However, whether the ge-
netic makeup of metastatic cells is identical to that of
tumor-initiating cells remains unclear. Recent evidence
suggests that a subset of metastasis genes may be su-
perimposed on the tumor-initiating phenotype. For exam-
ple, a recent study demonstrated that, whereas CD133�

pancreatic tumor cells deficient in expression of the
chemokine receptor CXCR4 were capable of forming tu-
mors, only CD133�/CXCR4� pancreatic tumor cells pro-
duced hepatic metastases in mice.43 Reports also indi-
cate that heterogeneity may exist in tumor-initiating cell
populations, and that the phenotypes among cancer sub-
types or even tumors of the same subtype may not be
uniform.30,44 Indeed, an examination of stem cell markers

in several breast cancers concluded that expression of
the markers differed greatly among breast cancer cell
lines as well as primary breast tumors.45 The hard agar
assay described here is an unbiased approach, in that it
does not rely on previously defined markers for selection
of breast cancer cells and thus effectively negates the
issue of tumor-cell heterogeneity. Moreover, this assay
appears to select only cells capable of initiating metas-
tases.

The gene expression analysis of GI-AGR and GI-BRN
cells suggests that expression of genes associated with
poorly differentiated basal-subtype breast cancers is up-
regulated in metastatic cells, whereas expression of
genes characteristic of well-differentiated breast cancers
is down-regulated. For example, MSX1 is a member of
the homeobox gene family that normally regulates the
growth and development of the mammary gland.21 Dys-
regulated expression of MSX1 has been implicated in
breast cancer progression, because of its ability to up-
regulate expression of the cell cycle-regulatory protein
cyclin D1,46 and we found that MSX1 was highly ex-
pressed in GI-AGR and GI-BRN cells, whereas it was
minimally expressed by GI-101A parental tumor cells.
Alternatively, expression of FOXA1, a member of the fork-
head family of transcription factors that is thought to
prevent metastatic progression47 was significantly lower
in GI-AGR and GI-BRN cells than in GI-101A cells. We
also found that the Wnt signaling pathway is deregulated
in GI-AGR and GI-BRN cells. Signaling mediated by Wnt
proteins regulates a number of mammalian developmen-
tal processes, including cell differentiation, stem cell self-
renewal, and epithelial-mesenchymal interactions. Inap-
propriate activation of the Wnt signaling pathway is a
major feature of human neoplasia, and oncogenic acti-
vation of this pathway can occur at many levels.48 In the
present study, expression of the two negative regulators
of Wnt signaling, sFRP1 and DKK3, was significantly
lower in the GI-AGR and GI-BRN cells than in the GI-101A
cells.

Notably, the patterns of gene expression in metastatic
GI-AGR and GI-BRN cells were not completely identical,
in that 47% of the genes were differentially expressed in
these two cell lines. One possible explanation is related
to the microenvironment in which the tumor cells grew.
The tissue microenvironment can have a profound influ-
ence on the pattern of gene expression in a tumor.49 In a
study in which human renal carcinoma cells were im-
planted into different organs in mice, expression of the
angiogenic protein basic fibroblast growth factor was 10
to 20 times higher in growing kidney tumors than in grow-
ing skin tumors.50 A systematic examination of the genes
differentially expressed in GI-AGR and GI-BRN cells
could prove informative.

Although the present results demonstrate that the hard
agar assay can be used to isolate the breast cancer
tumor cell variants that possess enhanced ability to me-
tastasize, the underlying mechanism of this cell-selection
process remains unclear. Culturing tumor cells on a
hard agar medium selects for variants with increased
ability to undergo anchorage-independent growth,
which for many years has been linked with the process

of metastasis.17 High mechanical pressure in the hard
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agar network may play an important role in the selec-
tion of tumor-cell subpopulations. Prolonged exposure
to elevated mechanical pressure has been shown to
diminish apoptosis51 and stimulate cell division52 of
some tumor cells and, moreover, can decrease sur-
vival duration in some tumor models.53

It is widely appreciated that the outcome of metastasis
is determined by the interactions that take place between
specific populations of metastatic cells and their organ
microenvironment.1 The results of the present studies
with GI-101A breast cancer cells indicate that the hard
agar assay selects for cells that are capable of growth in
multiple target organs of breast metastasis (brain, liver,
lung). The data also suggest that GI-101A cells may
possess some degree of intrinsic tropism for brain tissue.
Indeed, parental GI-101A cells formed experimental
brain metastases in 50% of injected mice, but were not
successful in creating discernible metastases in either
the liver or lungs of nude mice within a similar time frame.
The hard agar assay selected cells with enhanced met-
astatic potential for the brain and increased ability for
generating metastases in other target organs, such as
liver and lung. Our findings warrant extension of the hard
agar assay to other tumor cell lines, and to clinical spec-
imens for rapid identification and expression profiling of
metastasis-initiating cells.
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