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Inflammatory breast carcinoma (IBC) is a particularly
lethal form of breast cancer characterized by exagger-
ated lymphovascular invasion, which is a pheno-
type recapitulated in our human xenograft MARY-X.
MARY-X generated spheroids in vitro that resemble
the embryonal blastocyst. Because of the resemblance
of the spheroids to the embryonal blastocyst and their
resistance to traditional chemotherapy/radiotherapy,
we hypothesized that the spheroids expressed a stem
cell-like phenotype. MARY-X spheroids expressed em-
bryonal stem cell markers including stellar, rex-1, nes-
tin, H19, and potent transcriptional factors, oct-4,
nanog, and sox-2, which are associated with stem cell
self-renewal and developmental potential. Most impor-
tantly, MARY-X spheroids expressed a cancer stem cell
profile characterized by CD44*/CD24~ /™, ALDH1, and
most uniquely, CD133. A significant percentage of sin-
gle cells of MARY-X exhibited distinct proliferative and
morphogenic potencies in vitro. As few as 100 cells
derived from single-cell clonogenic expansion were
tumorigenic with recapitulation of the IBC pheno-
type. Prototype stem cell signaling pathways such as
notch3 were active in MARY-X. The stem cell pheno-
type exhibited by MARY-X also was exhibited by the
lymphovascular emboli of human IBC cases indepen-
dent of their molecular subtype. This stem cell-like phe-
notype may contribute to the aggressive nature of IBC
but also may lend itself to selective targeting. (Am J
Pathol 2008, 173:561-574; DOI: 10.2353/ajpath.2008.071214)

Inflammatory breast cancer (IBC) is an aggressive form
of human breast cancer characterized by florid lympho-
vascular invasion (LVI) and early metastasis.® LVI is
considered an important rate-limiting step in the meta-
static process and is characterized by the formation of

tumor emboli within lymphovascular channels.®># These
emboli are relatively resistant to radiotherapy and che-
motherapy because the tight aggregates of tumor cells
exert autocrine and paracrine cytoprotective effects from
these therapies by unknown mechanisms.>® These em-
boli are also efficient at escaping local organ confine-
ment with subsequent distant implantation. They there-
fore exhibit a strong penchant for both distant metastasis
as well as local recurrence and confound attempts at
both local as well as systemic control. The tumor emboli
bear a strong resemblance to the human embryonal blas-
tocyst, a structure also efficient at escaping local organ
confinement with subsequent distant implantation. The
IBC phenotype has been successfully recapitulated in a
human xenograft model of IBC termed MARY-X.*" This
model exhibits florid LVI in vivo, which generates tight
aggregates of tumor cells (spheroids) in vitro. These
spheroids also bear a strong resemblance to the blasto-
cyst. Because the blastocyst is the source of human
embryonal stem cells (ESs), cells capable of self renewal,
proliferation and differentiation along multiple lineages
and because tumor stem cells have been implicated in
the properties of local recurrence, distant metastasis,
and drug resistance that human cancers exhibit, we
hypothesized that the tumor lymphovascular emboli of
MARY-X and its derived spheroids might, in fact, ex-
press a stem cell-like phenotype reflected by both
stem cell markers and stem cell biology. In addition we
could test this hypothesis in human cases of IBC and,
if confirmed, might explain some of the aggressive
behavior of IBC.
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Materials and Methods

Institutional Approvals

Use of human tissues was approved by The Ohio State
University Cancer Institutional Review Board under pro-
tocol 2006C0042. Specifically 25 cases of primary I1BC
with florid LVI and 25 non-IBC cancers and 5 normal
breast tissues were selected from a patient database in
CoPath and The Ohio State University’s Information
Warehouse and anonymized. These tissues were avail-
able both as archival paraffin blocks as well as OCT-
embedded frozen material. We chose IBC and non-IBC
cases that comprised the major molecular subtypes of
human breast cancer. All linkers to patient identity were
removed before study. All animal and in vitro studies were
approved by The Ohio State University’s Animal Care and
Use Committee, protocol 2007A0218 and by The Ohio
State University’s Institutional Biosafety Committee, pro-
tocol 2007R0057.

Cell Lines and Xenograft Studies

MARY-X was previously established from a patient with
IBC and exhibited the phenotype of florid LVI with tumor
emboli formation in nude/scid mice.®>” MARY-X gave rise
to tight aggregates of tumor cells termed spheroids in
vitro, which could be propagated in suspension culture.
These primary spheroids could be maintained in suspen-
sion culture for periods up to 3 months by growing them
in either keratinocyte serum-free medium with supple-
ments (Life Technologies, Inc., Gaithersburg, MD) or in
minimal essential medium with 10% fetal calf serum (Life
Technologies, Inc.). The individual tumor cells were held
together within the spheroids by an overexpressed E-
cadherin axis,®* which if neutralized with anti-E-cadherin
or ethylenediaminetetraacetic acid, released individual
single cells. As comparisons we chose non-IBC lines
that included common estrogen receptor (ER)-positive
(MCF-7) and ER-negative (MDA-MB-231 and MDA-MB-
468) (American Type Culture Collection, Manassas, VA).
As additional comparisons, we chose cell lines reflective
of normal epithelial and myoepithelial cells of the breast
or their surrogates: human mammary epithelial cells (Clo-
netics, San Diego, CA) and HMS-1, a human myoepithe-
lial line previously established by us.® As a positive con-
trol for known stem cell markers and stem cell signaling,
we chose a human embryonal carcinoma cell line,
HTB106 (American Type Culture Collection).

Immunocytochemical and Western Blot Studies

Primary murine monoclonal antibodies included anti-human
CD133 (clones AC133, unconjugated; AC133, phyco-
erythrin (PE)-conjugated; AC141, PE-conjugated; 293C3,
PE-conjugated; Miltenyi Biotec, Inc., Auburn, CA); anti-hu-
man CD44 (clone 515, PE-conjugated; BD Pharmingen,
San Jose, CA); anti-human CD24 (clone eBioSN3, fluores-
cein isothiocyanate-conjugated; eBioscience, San Diego,
CA); anti-human E-cadherin (clone HECD-1, unconjugated;

Zymed Laboratories, Inc., South San Francisco, CA); anti-
human CK7 (clone OV-TL 12/30, unconjugated; DAKO,
Carpinteria, CA); anti-human SMA (clone 1A4, unconju-
gated; DAKO); anti-human ALDH1 (clone 44, unconju-
gated; BD Pharmingen); and anti-human ABCG2 (clone
5D3, fluorescein isothiocyanate-conjugated; Santa Cruz
Biotechnology, Inc., Santa Cruz, CA). Control antibodies
included mouse IgG, (clone X40, unconjugated; BD
Pharmingen); mouse 1gG,,, (clone MPC-11, unconjugated;
BD Pharmingen). Secondary antibodies included goat anti-
mouse 1gG, fluorescein isothiocyanate-conjugated (BD
Pharmingen); goat anti-mouse |gG, Texas Red-conjugated
(Rockland Immunochemicals, Gilbertsville, PA); rabbit anti-
mouse IgG, horseradish peroxidase-conjugated (Cell Sig-
naling Technology, Inc., Danvers, MA).

Primary rabbit polyclonal antibodies included anti-hu-
man CD133, unconjugated (Abcam, Cambridge, MA),
anti-human notch1, unconjugated; anti-human notch2,
unconjugated; anti-human notch3, unconjugated; anti-
human notch4, unconjugated; anti-human jaggedi, un-
conjugated; and anti-human DLL1, unconjugated (Santa
Cruz Biotechnology, Inc.). The notch antibodies recog-
nized a notch intracellular domain (Nicd) of their respec-
tive receptor that was cleaved and translocated to the
nucleus when notch signaling occurred. Control antibod-
ies included normal rabbit IgG, unconjugated (Sigma-
Aldrich, St. Louis, MO). Secondary antibodies included
goat anti-rabbit 1gG, horseradish peroxidase-conjugated
(Cell Signaling Technology, Inc.), and goat anti-rabbit IgG,
fluorescein isothiocyanate-conjugated (Sigma-Aldrich).

For immunocytochemical studies, MARY-X spheroids
were fixed in cold methanol:acetone (1:1) for 20 minutes.
Cells were blocked with phosphate-buffered saline (PBS)
plus 1% normal donkey serum for 30 minutes and fol-
lowed by incubation with the respective antibodies for 45
minutes. For the unconjugated antibodies, incubation
with secondary antibody occurred for 30 minutes. The
nuclei were counterstained with Hoechst 33342 dye (5
pg/ml) (Sigma-Aldrich). The stained cells were imaged
on a Nikon fluorescent microscope using the Roper cam-
era and MetaVue software (Universal Imaging Corpora-
tion, Downington, PA).

For Western blots, normal and tumor cell lines were
harvested and then frozen immediately. The frozen cell
pellets were then extracted with buffer (1% Triton X-100,
150 mmol/L NaCl, 10 mmol/L sodium phosphate, and 10
mmol/L ethylenediaminetetraacetic acid) containing an
enzyme inhibitor cocktail (Pierce Biotechnology, Inc.,
Rockford, IL) for 4 hours at 4°C with gentle agitation. The
samples were then centrifuged at 13,000 X g at 4°C for
15 minutes. Protein concentrations were determined us-
ing the BCA protein assay (Pierce Biotechnology, Inc.)
according to the manufacturer’'s instructions. Samples
containing equal protein were boiled in Laemmli buffer
under reducing conditions, run on a 4 to 15% sodium
dodecyl sulfate-polyacrylamide gel, and transferred to a
polyvinylidene difluoride membrane that was then incu-
bated with the respective rabbit primary and horseradish
peroxidase-labeled goat anti-rabbit secondary antibod-
ies and the signal was detected with the Supersignal
West Dura extended duration substrate (Pierce Biotech-



nology, Inc.). A monoclonal antibody to B-actin (Cell
Signaling Technology, Inc.) was used to normalize for
protein loading followed by rabbit anti-mouse IgG,
horseradish peroxidase-conjugated (Cell Signaling
Technology, Inc.).

RNA Isolation and Reverse
Transcriptase-Polymerase Chain Reaction
(RT-PCR) Studies

Total RNA was isolated using RNeasy and treated with
DNase | to remove contaminating DNA according to the
manufacturer’s instructions (Qiagen, Valencia, CA). RNA
quality and quantity were determined by measuring ab-
sorbance at 260 and 280 nm. Oligo(dT) primers (Inte-
grated DNA Technologies, Coralville, IA) were used with
Superscript Il reverse transcriptase (Invitrogen Corpora-
tion, Carlsbad, CA) for cDNA synthesis from 1 ug of total
RNA following the guidelines provided by the manufac-
turer. PCR was then conducted with Tag polymerase
(Invitrogen Corporation). The forward and reverse primer pairs
were as follows: oct-4: 5'-CTGCCTGCCCTTCTAGGAAT-3’
and 5'-TCTACTGTGTCCCAAGCTTCTT-3'; nanog: 5'-
GATCGGGCCCGCCACCATGAGTGTGGATCCAGCTTG-3'
and 5'-GATCGAGCTCCATCTTCACACGTCTTCAGGTTG-3';
sox-2: 5'-CCTCCGGGACATGATCAG-3" and 5'-TTCTC-
CCCCCTCCAGTTC-3'; stellar: 5'-GGACCCATCACAGTTTA-
ATCC-3' and 5'-GAAACTGCAGGGACATTTGA-3"; H19: 5'-
TTCCAGGCAGAAAGAGCAAGAGGGC-3" and 5'-AGA-
CGTCCTGCTGCAACTCCCCGAG-3'; rex-1: 5'-CAACTGAA-
GAAACGGGCAAA-3" and 5'-CTCAAGCGAATTCTCTCCAA-
3’; nestin: 5'-AGAGGGGAATTCCTGGAG-3' and 5'-CTGAG-
GACCAGGACTCTCTA-3'; cd133: 5’-ATCAGAACTGCAATC-
TGCACA-3' and 5'-AGAAGATCCCTGTCACAATTCC-
3'; hes-1: 5-ATGGAGAAAAATTCCTCGTCCC-3'" and 5'-
TTCAGAGCATCCAAAATCAGTGT-3'; hes-5: 5-CTCAGC-
CCCAAAGAGAAAAA-3" and 5'-GACAGCCATCTCCAG-
GATGT-3'; hey-1: 5'-GAAACTTGAGTTCGGCTCTAGG-3'
and 5'-GCTTAGCAGATCCTTGCTCCAT-3’; hey-2: 5'-
AGGGGGTAAAGGCTACTTTGA-3" and 5-TGGCGCAAGT-
GCTGAGATG-3'. B-Actin was used as control: 5’-CATG-
TACGTTGCTATCCAGGC-3’' and 5'-CTCCTTAATGTCA-
CGCACGAT-3'. The mixture was first heated at 94°C for 2
minutes in a PTC-200 DNA engine thermal cycler (Bio-Rad,
Hercules, CA). Amplification was performed for 33 cycles at 94
degrees for 30 seconds, 55°C for 30 seconds, and 68°C for 60
seconds, followed by 72°C for 10 minutes. The PCR products
were separated on 1.5% agarose gels by electrophoresis.
Digital images were captured on a Fotodyne (Hartland, WI) gel
documentation system.

In Vitro and in Vivo Manipulations of
MARY-X Spheroids

The primary spheroids derived from MARY-X were col-
lected by gentle centrifugation (800 rom) and dissociated
either enzymatically (10 minutes in 0.05% trypsin), by
ethylenediaminetetraacetic acid chelation or with anti-E-
cadherin antibodies according to previous methods®™”
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with subsequent physical manipulations using a fire-pol-
ished Pasteur pipette. The cells obtained from dissocia-
tion were neutralized with Hanks’ balanced salt solution
and then sieved through a 40-w cell strainer and ana-
lyzed for cellularity with a phase contrast microscope and
determined to be singular.

For the side population (SP) experiments, 1 x 10°
cells/ml were incubated in prewarmed Dulbecco’s mod-
ified Eagle’s medium with 5% fetal calf serum containing
freshly added Hoechst 33342 (5 ng/ml, final concentra-
tion) for 60 minutes at 37°C. After this time, the cells were
spun down and resuspended in cold PBS with 2% bovine
serum albumin. The cells were then exposed to UV light
at 350 nm and viewed under a fluorescent microscope.
The SP was defined as those cells that were capable of
excluding the dye.

In another set of experiments, the single cell suspen-
sion was labeled with PE-conjugated anti-CD133 (clone
293C3) and sorted. Before sorting, cells were mixed with
7-amino-actinomycin (7-AAD) (BD Pharmingen) for 10
minutes to identify the nonviable cells. Cells (1.2 X 107)
were sorted using a BD FACSAria cell-sorting system (BD
Biosciences, San Jose, CA) and 8.5 X 10° cells were
recovered and verified to be CD133™" and 7-AAD™. A
minor population of CD133™ was also recovered. After
sorting, each population was studied in vitro and in vivo.
To test the self-renewal and proliferation capacity of the
MARY-X cells, 10% single cells were plated in 96-well
plates using limiting clonal dilution and monitored with
phase contrast microscopy. In this clonogenic assay,
single cells were grown in serum-free mammary epithelial
growth medium, (BioWhittaker, Walkersville, MD), sup-
plemented with B27 (Invitrogen Corporation), 20 ng/ml
epidermal growth factor, 20 ng/ml basic fibroblast growth
factor (BD Biosciences), and 4 wpg/ml heparin (Sigma-
Aldrich). Bovine pituitary extract was excluded. The abil-
ity of single cells to proliferate into secondary spheroids
was recorded. Cells exhibiting this clonogenic potential
were injected into groups of 10 immunodeficient mice
(nude or scid) and tumorigenicity and the IBC phenotype
was assessed. In these experiments, secondary sphe-
roids of varying sizes containing different numbers of
cells were injected to gauge the tumorigenicity threshold.

In a third set of experiments, to test the morphogenic
capacity of the MARY-X cells, sorted single cells were
also suspended in three-dimensional growth factor-re-
duced Matrigel (BD Biosciences):Dulbecco’s modified
Eagle’s medium/F-12 medium mixture (1:1) with 5% fetal
calf serum, 5 pg/ml insulin (Sigma-Aldrich), 1 png/ml hy-
drocortisone (Sigma-Aldrich), 10 ug/ml cholera toxin
(Sigma-Aldrich), and 10 ng/ml epidermal growth factor
(BD Biosciences) in a 24-well plate at a density of 200
cells per well. The cells were observed for several weeks
for morphogenic changes. Representative foci were
fixed, sectioned, and subjected to immunohistochemistry
(IHC) studies.

Because MARY-X spontaneously forms spheroids in
vitro, whereas the non-IBC carcinoma and normal cell
lines that were used in the comparative studies normally
grow as monolayers, it was necessary to induce spheroid
growth in these non-IBC lines so that they would provide
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a more valid comparison. For the human mammary epi-
thelial cells, single cells were dissociated by TrypLE ex-
press (Invitrogen Corporation) and seeded in ultralow
attachment plates (Corning, Inc., Corning, NY) at a den-
sity of 20,000 viable cells/mlin primary culture. Cells were
grown in a serum-free mammary epithelial growth me-
dium, supplemented with B27, 20 ng/ml epidermal
growth factor, 20 ng/ml basic fibroblast growth factor,
and 4 ug/ml heparin. After 7 to 10 days, human mammary
epithelial cell spheroids (mammospheres) were collected
by centrifugation (800 rpm) using previously established
methods.® For HMS-1 cells it was discovered that at
superconfluent densities, HMS-1 cells form spheroids
that loosely adhere to the underlying monolayer and can
be harvested with gentle agitation.® For MCF-7, MDA-
MB-231, and MDA-MB-468 cell lines, induction of sphe-
roids could be achieved by first coating the plates with a
layer of 1% agar to prevent cell attachment. Then the
cells were seeded at a density of 20,000 cells/ml in
Dulbecco’s modified Eagle’s medium with 10% fetal calf
serum. The induced spheroids were harvested at 4 to 5
days. The spheroids derived from normal and non-IBC
lines formed loosely adherent aggregates in suspension
culture in contrast to the high-density tightly bound
superadherent aggregates exhibited by the MARY-X
spheroids.

ALDEFLUOR Assay

The ALDEFLUOR kit (StemCell Technologies, Durham,
NC) was applied to identify a cell population with high
aldehyde dehydrogenase (ALDH) enzymatic activity. Sin-
gle cells dissociated from MARY-X spheroids enzymati-
cally (10 minutes in 0.05% trypsin) were first gated for
viability by the absence of Pl staining. The sorted viable
cells were suspended at a density of 10° cells/ml in
ALDEFLUOR assay buffer containing 1 umol/L ALDH
substrate bodipyaminoacetaldehyde (BAAA). The cells
were incubated for 40 minutes at 37°C. At the same time,
a sample was treated with 50 mmol/L diethylaminobenz-
aldehyde (DEAB), a specific ALDH inhibitor and studied in
parallel. The cells were analyzed using a BD FACSAria
cell-sorting and flow cytometric system (BD Biosciences).

Studies of Human IBC Cases

Twenty-five cases of IBC were studied immunocytochem-
ically for CD133 expression and notch signaling. Twenty-
five non-IBC breast cancers and five normal breast
tissues were used as controls. Both the IBC and the
non-IBC cases were selected from the molecular sub-
types of human breast cancer, including ER-positive,
Her-2/neu-positive, and triple-negative determined by
previous IHC studies. For CD133, the primary antibody
was a mouse anti-human CD133 (clone AC133, uncon-
jugated; Miltenyi Biotec, Inc.), diluted 1:25 and incubated
for 1 hour at room temperature. The detection system was
a universal link/label system (catalog no. K0690, DAKO).
For notch3, the primary antibody was a rabbit polyclonal
anti-human notch3, unconjugated (Santa Cruz Biotech-

nology, Inc.), diluted 1:75, and incubated for 1 hour at
room temperature. This notch antibody recognized the
notch intracellular domain (Nicd) of the notch receptor
that was cleaved and nuclear translocated during notch
signaling. The secondary antibody was a goat anti-rabbit
(catalog no. BA-1000; Vector Laboratories, Burlingame,
CA), diluted 1:200 and incubated for 30 minutes. The
detection system was Vectastain Elite (catalog no. PK-
6100, Vector Laboratories). For both CD133 and notch3,
the substrate chromogen was DAB™ (catalog no. K3468,
DAKO). Both antibodies worked much better in the frozen
material than in paraffin and so these IHC studies were
performed on frozen sections. These cases were also
studied for ALDH1 immunoreactivity using mouse anti-
human ALDH1 (clone 44, unconjugated; BD Pharmingen)
diluted 1/100 and incubated for 1 hour at room temperature.
The detection system was a universal link/label system (cat-
alog no. KO690, DAKO). The antibody worked well in both
the frozen as well as the paraffin material, when the paraffin
sections were processed by antigen retrieval. We elected to
use the latter source for our studies.

Statistical Analysis

Differences in stem cell marker immunoreactivity be-
tween subgroups of human IBC and non-IBC were ana-
lyzed with the two-tailed Student’s t-test as well as anal-
ysis of variance. Weighted « statistics were calculated to
assess agreement between certain immunocytochemical
measurements in the subgroups of human IBC and
non-1BC.

Results

MARY-X manifested the phenotype of florid LVI in scid/
nude mice (Figure 1A). The xenograft gave rise to tight
aggregates of tumor cells termed spheroids in suspen-
sion culture (Figure 1B) mediated by an overexpressed
E-cadherin axis (Figure 1C) and, as such, bore a strong
resemblance to the human embryonal blastocyst, the
source of ESs. The Mary-X spheroids, as three-dimen-
sional aggregates, expressed a stem cell marker pheno-
type of CD44*/CD24"°% in immunofluorescence studies
(Figure 1C). This phenotype of E-cadherin®/CD44%/
CD247 " was expressed in virtually 100% of the cells.
We injected the MARY-X spheroids into a number of
different locations in the mouse including the mammary
fat pads, the flank, and back and the phenotype was the
same: tumor nodules exhibiting florid LVI in vivo and
generating numerous spheroids in vitro. MARY-X cells
gained access to the lymphatics very early irrespective of
their site of injection and metastasized to the regional
lymph nodes as well as lungs. Their tumorigenicity and
biology were independent of their site of injection.

In addition, the MARY-X spheroids contained a large
percentage of cells that expressed other stem cell mark-
ers known to be associated with normal ESs or pluripo-
tent stem cells (Table 1 and Figure 2, A and B). Specifi-
cally the spheroids, by RT-PCR, expressed stellar, rex-1,
nestin, H19, and other markers usually restricted to nor-



Stem Cell-Like Tumor Embolus of IBC 565
AJP August 2008, Vol. 173, No. 2

CD44

ABCG2

Figure 1. A: MARY-X manifested the phenotype of IBC in vivo, namely florid LVI. B: In vitro, MARY-X grew as spheroids, tight balls of tumor cells that resemble
the embryonal blastocyst. Immunofluorescence studies of the spheroids revealed strong expression of membrane E-cadherin and membrane CD44 but weak to
absent expression of CD24 and ABCG2. C: Top row is fluorescently labeled primary/secondary antibody, middle row is Hoechst 33342 nuclear counterstain,
and bottom row is the composite image.

mal human embryonal or tissue progenitor cells (Table 1
and Figure 2B). Although some of these markers were
expressed by non-IBC carcinoma and normal cell lines,

only MARY-X expressed all of these stem cell markers
(Figure 2B). Not only did the MARY-X spheroids express
these general stem cell markers but, more specific tran-

Table 1. Summary of MARY-X’s Expression of Known Human Stem Cell Markers in Normal Cells

Expression in

Stem cell type Molecular marker Significance MARY-X spheroids
Embryonic stem cells Oct-4 Transcription factor essential for establishment Yes
(ES) or pluripotent and maintenance of undifferentiated PS
stem cells (PS) Pax-6 Transcription factor expressed as ES Yes
differentiates into neuroepithelium
Stellar Specific marker of undifferentiated ES Yes
Alpha-fetoprotein Reflects endodermal differentiation of PS Yes
(AFP)
Rex-1 Specific marker of undifferentiated ES Yes
Germ cell nuclear Transcription factor expressed by PS Yes
factor (GCNF)
Sox-2 Transcription factor essential for establishment Yes
and maintenance of undifferentiated PS
H19 Marker developmentally regulated in skeletal Yes
muscle, smooth muscle, and fetal liver
Nanog Transcription factor unique to PS; essential for Yes
establishment/maintenance of undifferentiated PS
Hematopoietic stem CD34 Indicative of HS and EP No
cells (HS) c-kit Cell-surface receptor on bone marrow cell Yes

Mesenchymal stem
and progenitor cells
(MS)

Bone morphogenetic
protein receptor
(BMPR)

Stro-1 antigen

types that identifies HS and MS
BMPR identifies early mesenchymal lineages
(MS)

Cell-surface glycoprotein on subsets of bone
marrow MS

Notdetermined

Notdetermined

Neural stem cells CD133 Identifies NS and HS Yes
(NS) Nestin Identifies NS Yes

Endothelial progenitor Fetal liver kinase-1 Cell-surface receptor protein that identifies EP Yes
cells (EP) (Flk-1)

Breast stem cells (BS) ALDHA1 Enzyme present in normal mammary stem cells Yes

This table is meant as a general guide to stem cell marker expression in MARY-X. Many of these markers are also expressed by other types of

normal stem cells in addition to the ones indicated. A more extensive listing is available from the National Institutes of Health at: http://stemcells.
nih.gov/info/scireport/appendixe.aspfteii.
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Figure 2. A: The MARY-X spheroids, assessed by
RT-PCR, expressed transcriptional factors associ-
ated with the maintenance of the stem cell state in
ESs. These factors included: oct-4, nanog, and
sox-2. B: In addition MARY-X expressed stem cell
markers primarily restricted to normal ESs. These
included stellar, H19, rex-1, and nestin.
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scription factors, including oct-4, nanog, sox-2, and oth-
ers (Table 1 and Figure 2A), thought to have essential
roles in pluripotency and self-renewal of embryonic stem
cells™ ™" and just recently shown to be capable of induc-
ing reversion to an embryonic stem cell state when trans-
fected into fetal, newborn, or adult fibroblasts.’®'3 Al-
though some of these transcription factors were detected
in non-IBC carcinoma and normal cell lines, only MARY-X
expressed all of them (Figure 2A). A complete list of stem
cell markers and transcription factors demonstrated to be
present in MARY-X is listed (Table 1).

Most importantly, MARY-X spheroids also expressed a
human cancer stem cell (CSC) marker profile (Table 2)
characterized by strong expression of CD133 by both
RT-PCR as well as Western blot (Figure 3, A and B). This
CD133 expression could be detected by three different
monoclonal antibodies (AC133, AC141, and 293C3) di-
rected against distinct epitopes of CD133. CD133 was
not at all expressed on non-IBC breast carcinoma lines
nor on normal epithelial or myoepithelial cell surrogates
(Figure 3, A and B). Strong CD133 expression was
present, however, in the human embryonal carcinoma
cell line, HTB106, which was used as a positive control.
Immunofluorescence studies of the MARY-X spheroids,
revealed strong surface expression of CD133 on >90%
of the cells (Figure 3C), a finding confirmed by flow
cytometry and cell sorting. Even when the non-IBC car-
cinoma and normal cells were grown as spheroids,
CD133 was not expressed.

A high activity of aldehyde dehydrogenase (ALDH),
the enzyme responsible for the oxidation of intracellular

aldehydes, considered as a possible marker for both
normal and CSCs was observed in the cells comprising
the MARY-X spheroids. When the spheroids were disad-
hered into single cells, ~23% of the cells exhibited ALDH
activity by the ALDEFLUOR flow cytometric assay (Figure
4, A and B). The presence of ALDH activity was corrob-
orated by the presence of similar levels of ALDH1 immu-
noreactivity within the lymphovascular emboli of MARY-X
(data not shown).

MARY-X did not, however, express every known stem
cell marker. In particular stem cell markers associated
with hematopoietic stem cells such as CD34 were absent
in MARY-X (Table 1). Another marker, ABCG2, a deter-
minant of the Hoechst-negative phenotype of the SP
found in a variety of stem cells (Table 2), was absent in
the MARY-X spheroids (Figure 1C). A SP predictably was
also absent in MARY-X (Table 2).

The dual capabilities of self-renewal/proliferation and
differentiation/morphogenesis, two essential properties of
stem cells were tested for in the MARY-X spheroids (Ta-
ble 3) (Figures 5and 6). Single cells dissociated from
MARY-X spheroids and were sorted on the basis of
CD133" were subsequently seeded by limiting clonal
dilution and cultured in the clonogenic assay. Approxi-
mately 10 to 30% of these single CD133™ cells were able
to form secondary spheroids (Figure 5, A and B).
CD133" cells lacked the ability to form spheroids. This
clonogenic efficiency was similar to that found when sin-
gle CD133™" cells of MARY-X were seeded together at
low densities (1000 cells/ml). These observations dem-
onstrated that secondary spheroids of MARY-X could be

Table 2. Summary of MARY-X’s Expression of Known Human Cancer Stem Cell Markers

Human cancer type Phenotypic marker Side population Studies*
Leukemia CD34%/CD38~, CD44* Yes 14
Breast cancer CD44%/CD24~"°%  spheroid Yes 16, 28, 31

formation, ALDH1*, notch3

Prostate cancer CD44™" Ja,B,"/CD133* Not determined 20
Melanoma CD20", spheroid formation Yes 30
Brain cancer CD133*, neurospheroid formation Not determined 15
Retinoblastoma ABCG2*, ALDH1™ Yes 44
Colon cancer CD133%/CD44*/EpCAM*/CD166™ Not determined 21,39
Pancreatic cancer CD44%/CD24*/ESA™ Not determined 40
Head and neck cancer CD44* Not determined 41
Liver cancer CD90* Side population 42,43

MARY-X (IBC)

CD44*/CD133*/CD24 /v
spheroid formation, ALDH1™", notch3

No

Present study

*Cited studies listed in References.
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Figure 3. The MARY-X (xenograft and spheroids) expressed CD133 by both
RT-PCR (A) and Western blot (B). C: Immunofluorescence studies using
anti-CD133 (PE-conjugated clone AC133) depicted strong surface immuno-
reactivity. Non-IBC lines were uniformly negative for CD133 except for the
control human embryonal carcinoma cell line, HTB 106.

generated without the obligate requirement of cell aggre-
gation/cell-cell contact. Both primary and secondary
spheroids consisting of as few as 100 CD133* cells were
90% tumorigenic, forming tumors with the ability to com-
pletely recapitulate the IBC phenotype of florid LVI, which
could be transferred with serial passage. Therefore sin-
gle CD133™ cells of MARY-X demonstrated a capacity for
both proliferation as well as the ability to recapitulate the
unique tumoral phenotype of LVI in perpetuity. This im-
plied that single CD133™" cells of MARY-X exhibited the
capacity for self-renewal. The CD133™ cells, in contrast,
were nontumorigenic. Disadhering the spheroids caused
a profound degree of apoptosis after 4 to 6 hours in the
majority of cells. The majority of the CD133" and
CD1337, when disadhered into single cells, then could
not survive for long in culture. We were able to generate
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spheroids from the isolated CD133" cells but not the
CD133" cells. We were not able to keep the CD133~
cells alive long enough to determine whether they could
change into CD133™ cells.

To examine the morphogenic ability of MARY-X, single
cells of the MARY-X spheroids were plated at very low
densities (200 cells/1.5 ml of gel) in three-dimensional
growth factor-reduced Matrigel, under conditions that
promoted morphogenesis rather than proliferation. After
2 weeks of cultivation in Matrigel, acini were observed
(Figure 5, A and C). We examined a number of different
acinar structures (Figure 6, A and B) and showed by IHC
studies with anti-CK7 and anti-SMA that these structures
consisted of cells that had differentiated into either epi-
thelial (Figure 6C) or myoepithelial cells (Figure 6D), re-
capitulating acinar development. Many of the acinar
structures exhibited a spatial relationship between the
myoepithelial and epithelial cells with the former ar-
ranged peripherally and the latter arranged more cen-
trally around a lumen. This was reminiscent of the breast
ductal-lobular unit. The acinar structures were therefore
different from the single parental cell from which they
were derived.

This manifestation of morphogenesis was likewise in-
dependent of cell-cell contact. CD133" cells, in contrast,
lacked the ability to form acini. The percentage of single
CD133™" cells capable of forming acini was ~10 to 30%
and similar to the percentage able to form spheroids in
the clonogenic assay. The ability to form acini was con-
sidered evidence of morphogenic capacity. However sin-
gle cells of MARY-X did not exhibit evidence of pluripo-
tency, a trait exhibited by ESs. Pluripotency, at least in the
context of ESs, is usually defined as exhibiting the ability
to differentiate along the three germ lines: ectoderm,
mesoderm, and endoderm. MARY-X, however, did not
exhibit this property. However MARY-X's ability to de-
velop into acinar structures containing epithelial as well
as myoepithelial cells could be interpreted as an example
of multipotency.

Prototype signaling pathways such as notch, which are
thought to contribute to the maintenance of the develop-
mental potential of the stem cell state, were studied in the
MARY-X spheroids and compared to non-IBC carcinoma
lines and normal epithelial/myoepithelial surrogates.
Among notch receptors, only notch3 expression was in-
creased in MARY-X spheroids by both immunocytochem-
istry and Western blot (Figure 7, A and B). More impor-
tantly, notch signaling through notch3 was dramatically
increased in MARY-X (Figure 7, A and C) compared to
non-IBC breast carcinomas and normal cell surrogates
that essentially did not signal. Even when the non-IBC
carcinoma and normal cells were grown as spheroids,
notch activation and signaling did not occur. Notch 3
signaling was in evidence in the MARY-X spheroids by
the detection of nuclear notch3 immunoreactivity, evi-
dence that the Nicd had been cleaved and translocated
to the nucleus. In addition expression of downstream
genes: hes-1, hes-5, hey-1, and hey-2 were detected by
RT-PCR. Notch ligands, jagged1, and DLL1 were also
present in MARY-X but not at increased levels compared
to non-IBC lines. The entire notch receptor was se-
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quenced and found to be normal (data not shown). Spe-
cifically there were no activating mutations present. The
reason for notch activation and signaling in MARY-X was
not apparent.

Table 3. Summary of MARY-X’s Stem Cell Properties

Stem cell properties exhibited by
MARY-X spheroids

Stem cell specific
markers

Transcriptional determinants as
well as specific markers (oct-4,
sox-2, nanog, rex-1, and so
forth) known to be restricted to
normal embryonal or tissue
stem cells were detected within
the spheroids of MARY-X. In
addition, CD44 and CD133,
surface markers of cancer stem
cells previously identified in a
series of different human
cancers, were strongly
expressed on MARY-X
spheroids

A single cell of MARY-X was able
to generate secondary
spheroids without initial cell
aggregation/cell-cell contact;
spheroids containing as few as
100 cells were fully tumorigenic

A single cell of MARY-X cultured in
Matrigel generated acinar
structures in vitro, composed of
cells exhibiting separate epithelial
and myoepithelial lineage markers

Proliferation

Morphogenesis

Figure 4. The ALDEFLUOR assay was applied to
identify the ALDEFLUOR-positive population ex-
hibiting high aldehyde dehydrogenase (ALDH)
enzymatic activity within the MARY-X spheroids.
A single cell suspension of disadhered cells was
incubated with ALDEFLUOR substrate (BAAA)
without (A) and with (B) the specific inhibitor of
ALDH, DEAB, and used to establish the baseline
fluorescence of these cells (R2) and to define the
ALDEFLUOR-positive region (R3). In all experi-
ments, cells were first gated on Pl-negative cells
(viable cells). The ALDEFLUOR-positive popula-
tion (R3) is apparent (A) but abolished with the
inhibitor (B). Approximately 23% of the cells of
the MARY-X spheroids were ALDEFLUOR-posi-
tive. Immunocytochemical studies using anti-hu-
man ALDH1 in cases of IBC similarly revealed
high percentages of ALDHI-positive cells. C:
Some cases exhibited 100% ALDH1 immunore-
activity within their lymphovascular emboli. Dz
Many non-IBC cases were completely negative
for ALDH1. E: In some non-IBC cases in which
overall ALDH1 immunoreactivity was absent or
low, their lymphovascular emboli contained en-
riched ALDH1 immunoreactivity.

Notch activation was homogeneously present through-
out all of MARY-X. The MARY-X xenograft, in its central
portion, consisted of a confluence of nodules in a mes-
enchymal stroma (Figure 7D). In its periphery these nod-
ules transitioned to lymphovascular emboli. Both periph-
eral and central portions generated identical spheroids

» ' - w

Figure 5. A single stem cell of MARY-X (A) was capable of either prolifer-
ation into spheroids (B) or morphogenesis into acini (C) independent of any
initial cell-cell contacts. Single cells of MARY-X could demonstrate either of
these properties depending on the specific growth conditions. The second-
ary spheroids were fully tumorigenic and expressive of the IBC phenotype of
florid LVI.



Figure 6. More detailed examination of the acinar morphogenesis (A, B)
revealed CK7-positive epithelial cells arranged centrally around a central
lumen (A, ©) and peripherally located spindle cells (B, D) exhibiting features
of myoepithelial cells by strong SMA immunoreactivity.

in vitro, which exhibited identical expression profiles. IHC
studies of the xenograft also showed identical expression
of notch3 nuclear immunoreactivity both in the central as
well as in the peripheral nodules (Figure 7E). Therefore
there was no difference between the main tumor mass
and the lymphovascular emboli in terms of notch signal-
ing. Furthermore there was also no geographical differ-
ences in CD133 or ALDH1 immunoreactivity.

To test whether the observations made in MARY-X
were applicable to actual human cases of IBC, we con-
ducted CD133 and notch3 IHC studies of 25 cases of
IBC, 25 cases of non-IBC, and 5 normal breast tissues.
The IBC cases included 6 cases that were ER-positive,
11 cases that were Her-2/neu-positive, and 8 cases that
were triple-negative. In selecting these cases, we chose
cases that exhibited moderate to high-grade histology.
The IBC cases by definition were all T4 stage and the
non-IBC cases consisted of both T2 (20 cases) and T3 (5
cases). A significant portion of each IBC case manifested
LVI with prominent tumor emboli. The non-IBC cases
included 14 cases that were ER-positive, 6 cases that
were Her-2/neu-positive, and 5 cases that were triple-
negative. In these non-IBC cases, LVI with tumor emboli
were uncommon. Of IBC cases, 22 of 25 (88%) ex-
pressed CD133 membrane immunoreactivity and 19 of
25 IBC cases (76%) expressed notch3 nuclear immuno-
reactivity and there was no significant differences among
the subclasses of IBC for expression of either stem cell
marker (Figure 8 and Table 4). The expression of CD133
membrane immunoreactivity was more homogeneous
when present and the expression of nuclear notch3 im-
munoreactivity was more heterogeneous when present.
In contrast the presence of either CD133 or notch3 im-
munoreactivity was low overall in the non-IBC cases (2 of
25 cases, 8%) (Figure 8). Interestingly two of five (40%) of
the triple-negative non-IBC cases exhibited both CD133
and notch3 immunoreactivity (Table 4). The pattern of
notch3 immunoreactivity in the two triple-negative non-
IBC cases was similar to that in the IBC cases but signif-
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icantly fewer cells were CD133-positive in the triple-neg-
ative non-IBC cases compared to the IBC cases in which
the immunoreactivity was more homogeneous. CD133
and notch3 immunoreactivity were both completely ab-
sent in the normal breast tissues. The expression of
CD133 and notch3 in the majority of the cases overall
was highly concordant [weighted « (95% confidence in-
terval) = 0.86 (0.81, 0.91)]. Human IBC cases within their
lymphovascular tumor emboli also exhibited a range of
ALDH1 cytoplasmic immunoreactivity from 10 to 100%
(Figure 4C). This immunoreactivity was heterogeneous in
nature but was observed equally in all of the subtypes of
IBC. In some of the non-IBC cases in which overall
ALDH1 immunoreactivity was absent or low (Figure 4D),
their lymphovascular emboli contained enriched ALDH1
immunoreactivity (Figure 4E).

Discussion

MARY-X is a unique transplantable xenograft that faith-
fully maintains the phenotype of florid LVI with the forma-
tion of tumor emboli in vivo and spheroids in vitro, which
strongly resemble the human embryonal blastocyst, the
source of ESs. Recent experimental evidence in a variety
of tumors and normal tissues has lent strong support to
the stem cell hypothesis.'®~2? It has been suggested that
most solid cancers, for example, contain a cellular sub-
population termed a CSC subpopulation that retains key
properties of ESs.'®172%21 Based on biological similar-
ities shared by the lymphovascular embolus, the MARY-X
spheroids, the human blastocyst, and stem cells, like
anchorage independence and the ability to migrate and
metastasize, we sought to investigate whether MARY-X
directly exhibited stem cell-like characteristics. We found
that MARY-X indeed exhibited a stem cell marker pheno-
type characterized by E-cadherin®/CD44%/CD24 /oW,
The human embryonal blastocyst also overexpresses E-
cadherin.®> Furthermore, a population of cells from hu-
man breast cancers characterized by CD44*/CD24 /oW
has recently been identified that exhibit properties of CSCs.'®
Other studies have suggested that human breast cancers with
a high percentage of CD44"/CD24~"°" cells exhibit a greater
tendency of distant metastasis.”*** MARY-X and IBC also
exhibit a great tendency for distant metastasis.

In addition the spheroids of Mary-X contained a large
percentage of cells that expressed other stem cell mark-
ers known to be associated with normal ESs or pluripo-
tent stem cells (Table 1). These included stellar, rex-1,
nestin, H19, and other markers primarily restricted to
normal human ESs. Stellar, for example, also known as
developmental pluripotency associated-3 (DPPA3) and
rex-1, also known as zinc finger protein 42 homolog
(ZFP42), are two specific markers of undifferentiated ESs.
Although the functions of stellar and rex-1 are still not
clear, the expressions of these two genes decrease with
ES cell differentiation.’® " Not only were the expression
of these markers of ESs and pluripotent stem cells ob-
served within MARY-X but expression of stem cell-related
transcription factors (oct-4, nanog, sox-2, and others)
were also observed (Table 1). These transcription factors
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A Notch1 Notch2

Notch3

Notch4

Control Ig

Figure 7. A: The MARY-X spheroids exhibited
prominent notch signaling, particularly with
notch3. Fluorescence studies with antibodies
that recognized the Notch3 Nicd domain
showed prominent nuclear immunoreactivity
whereas similar intracellular domain antibodies
to notch1 revealed only slight membrane immu-
noreactivity and no signaling. Top row is fluo-
rescence-labeled primary/secondary antibody
(notch 1 to 4 and control Ig), middle row is
Hoechst 33342 nuclear counterstain, and bot-
tom row is the composite image. B: Western
blot confirmed strong notch3 expression in
MARY-X compared to non-IBC lines. C: Al-
though other notch family members were also
expressed in non-IBC lines, there was no ap-
preciable signaling except in MARY-X where all
four of the notch-cleavage downstream genes
(hes-1, hes-5, hey-1, and hey-2) were detected
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have been demonstrated to play central roles in the self-
renewal and pluripotency of human ESs. Just recently
these transcription factors in combination have been
shown to be capable of inducing reversion to an embry-
onic stem cell state when transfected into fetal, newborn,
or adult fibroblasts.”'® The expression of these same
pleiotropic genes may also be important in the setting
of IBC, in regulating and maintaining its stem cell-like
state.

Not only did MARY-X express markers characteristic of
normal human ESs but also markers characteristic of

specific human CSC. Of these latter markers, the most
impressive and the most specific marker was CD133,
which was exhibited by >90% of the cells of the MARY-X
spheroids. Human CD133 has been reported to be ex-
pressed in cancer-initiating cells from multiple tumor
types, including leukemia, brain tumors, prostate can-
cers, and colon cancers (Table 2)."52%2" |n colon cancer
CD133™ cells comprise 2.5% of the total tumor cell pop-
ulation.?” These studies highlight the potential impor-
tance of CD133 in CSC populations. However, the exact
role of CD133 in CSC functions is still not clear. This
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Figure 8. Immunocytochemical studies for stem cell markers, CD133, and activated notch3 in the different molecular subtypes of human IBC revealed the
presence of CD133 and notch3 immunoreactivity independent of molecular subtype: IBC with Her-2/neu-positive lymphovascular tumor embolus (A) exhibited
strong CD133 membrane immunoreactivity (B) and notch3 nuclear immunoreactivity (C). IBC with ER-positive lymphovascular tumor embolus (D) similarly
exhibited strong CD133 membrane immunoreactivity (E) and notch3 nuclear immunoreactivity (F). In contrast a triple-negative non-IBC (G) was negative for

CD133 (W) and notch3 nuclear immunoreactivity (D).

present study is the first report of the strong expression of
CD133 in an experimental model of human IBC.
MARY-X initially was derived from a patient with IBC.
The xenograft was derived by placing explants of the
patient’s tumor into nude/scid mice. Therefore MARY-X
was not clonal initially. However when we obtained the
spheroids from the xenograft, we disadhered the sphe-
roids into single cells and regenerated the spheroids
from single cells and reinjected them into the mouse. The
single cell progeny also grew into the phenotype of
MARY-X. So a clonal line was derived from the original
MARY-X. A majority of the cells of MARY-X expressed

stem cell markers, eg, CD133 and activated notch3. This
was observed in both the original xenograft as well as the
clonally-derived secondary xenograft. Even if a tumor is
derived from a single cell, ie, clonal, the cancer often-
times is very heterogeneous. Stem cell-like features can
also be a manifestation of this heterogeneity.

MARY-X did not, however, express all of the known
embryonal or tumoral stem cell markers. In particular
stem cell markers associated with hematopoietic stem
cells, ie, CD34 were absent in MARY-X. In addition a SP
of cells able to exclude Hoechst 33342 was absent. The
SP is a subset of cells with the capacity to efflux lipophilic

Table 4. Stem Cell IHC Profile in the Major Molecular Subtypes of IBC and Non-IBC
IBC Non-IBC
Triple negative Her-2/neu™ ER" Triple negative Her-2/neu™ ER" Total
(n=28) (n=11) (n=16) (n = 25) (n=25) (n=16) (n=14) (n = 25)
CD133" 7 (88) 10 (91) 5(83) 22 (88) 2 (40) 0 (0) 0 (0) 2 (08)
Notch™ 6 (75) 9 (82) 4(67) 19 (76) 2 (40) 0 (0) 0 (0) 2 (08)

Absolute numbers of cases and (% positivity) are listed. Differences for both CD133 and notch in IBC versus non-IBC were highly significant
(P < 0.001); differences among subclasses of IBC were not significant (P > 0.1). Strong agreement between CD133 and notch was present in the IBC

cases [weighted k (95% confidence interval) = 0.86 (0.81, 0.91)].
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dyes. Recent evidence suggested that the SP phenotype
is associated with high-level expression of the ATP-bind-
ing cassette transporter protein ABCG2.%%2526 ABCG2-
positive and SP cells have been demonstrated to be
enriched in normal stem cells as well as CSC. ABCG2
was also absent in MARY-X. However ABCG2 expression
is not necessarily a sine qua non of either stemness or
tumorigenicity.2%27

The cells derived from the MARY-X spheroids showed
the properties of proliferation and morphogenesis (acinar
development) in vitro (Table 3). However, although 10 to
30% of the cells exhibited clonogenic potential, their true
cloning efficiency could not be accurately determined
because of the compromised ability of single CD133*
cells to grow in clonogenic assays. When the primary
spheroids were initially disadhered to generate a single
cell population, many of the single cells either underwent
frank apoptosis or had apoptosis signaling initiated.®”
This compromised their innate clonogenic potential. Al-
though 10 to 30% of the CD133™ cells of MARY-X were
able to exhibit clonogenic potential, comparable clono-
genic potential was exhibited by a number of the non-IBC
lines such as MCF-7 and MDA-MB-231. However be-
cause disadherence-induced apoptosis occurred in
MARY-X but not in the other non-IBC lines, the MARY-X
spheroids likely possessed much greater innate clono-
genic potential than these other non-IBC lines. The sig-
nificant clonogenic potential of MARY-X was also illus-
trated by the fact that secondary spheroids consisting of
only 100 cells were fully tumorigenic and capable of
recapitulating the phenotype of florid LVI. This further
reflected the proliferation capacity of MARY-X in vivo.
Because the IBC phenotype of florid LVI, could be trans-
ferred in perpetuity with serial passage from single cells,
single cells of MARY-X exhibited the capacity for self-
renewal. We also observed the morphogenesis of single
MARY-X cells grown in Matrigel into acini. Whereas many
different breast cancer cell lines and, in fact, normal
breast cells exhibit morphogenic changes in Matrigel, not
all of the lines exhibit the same morphogenic changes
and not all of the lines exhibit true acini that consists of an
arrangement of epithelial cells exhibiting polarity around
a central lumen. Unlike normal human mammary epithe-
lial cells that are dependent on cell-cell contacts and a
certain high density of plating to generate ductal/acinar
structures, single MARY-X cells alone were capable of
acinar morphogenesis. Of the MARY-X cells in Matrigel
10 to 30% exhibited evidence of this morphogenesis, but
for the same reasons given for clonogenic potential,
MARY-X cells likely possessed much greater morpho-
genic potential as well.

It is important to recognize and distinguish those stem
cell-like properties of MARY-X that are an innate charac-
teristic of this model from those that are related to the
spheroid three-dimensional structures that the model ex-
hibits. Other carcinoma cell lines and normal lines may
exhibit or be induced to exhibit spheroid formation. There
are obvious analogies between the MARY-X spheroids
and other nonadhesive floating spheroids, such as neu-
rospheroids'® and mammospheroids.®?® Studies re-
vealed that these non-IBC spheroids were composed of

highly enriched stem-like cells. Actually, anchorage inde-
pendence, which had been thought to be a hallmark of
transformed cells, recently has been shown to be a prop-
erty shared by normal tissue cells that exhibited stem cell
properties.?® In addition, some tumor stem cells that were
able to be propagated exhibited the phenotype of non-
adherent spheroids.?®2° For example, a tumorigenic
subpopulation exhibiting stem cell properties in mela-
noma was propagated as nonadherent spheroids in cul-
ture conditions suitable for human embryonic stem
cells.®° Breast cancer-initiating cells have also displayed
the capacity of extensive proliferation as clonal nonad-
herent spheroidal clusters.?® In our studies, the spheroid
three-dimensional structures of MARY-X clearly allows for
the expression of some of its stem cell-like properties.
When the spheroids were disadhered by treatment with
anti-E-cadherin, ethylenediaminetetraacetic acid, trypsin,
or transfection with a dominant-negative E-cadherin mu-
tant, for example, there was a dramatic loss of clonogenic
potential and tumorigenicity, partly because of increased
apoptosis.®” The microenvironment of the MARY-X
spheroids, in particular, then created a spheroid niche
that preserved the ability of its stem-like cells to survive,
self-renew, and proliferate. However spheroid growth,
alone, did not completely account for the stem cell
marker phenotype exhibited. Even when the non-IBC
carcinoma cell lines and normal cells were grown as
spheroids, CD133 was not expressed, and conversely,
even when the MARY-X spheroids, were disadhered, the
single cells still expressed CD133. So the spheroid na-
ture of MARY-X only partially accounted for its overall
stem cell-like phenotype. Still this contribution is highly
significant both in vitro and in vivo. Both the in vitro sphe-
roids of MARY-X and the corresponding spheroid-like
three-dimensional lymphovascular tumor emboli present
in vivo are characterized by the close juxtaposition of
tumor cells to each other, which promotes cytoprotective
and other signaling pathways. We have recently ob-
served, for example, decreased notch3 signaling when
the spheroids of MARY-X were disadhered (unpublished
observations).

Potential prototype signaling pathways such as notch,
which are thought to contribute to the maintenance of the
developmental potential of the stem cell phenotype, were
observed in the MARY-X spheroids and found to be
activated. Most specifically though, notch signaling
through notch3 was dramatically increased in MARY-X
compared to non-IBC breast carcinoma cell lines and
normal cell surrogate lines that essentially did not signal.
Even when the non-IBC carcinoma lines and normal cells
were grown as spheroids, notch3 activation and signal-
ing did not occur.

Notch, wnt, and hedgehog are important signaling
pathways that play essential roles in ES renewal, mainte-
nance of developmental potential, and proliferation.?®
The observations that notch3 signaling occurred in intact
MARY-X spheroids and the corresponding lymphovascu-
lar tumor emboli of the MARY-X xenograft but not in the
non-IBC carcinoma lines suggest the possibility that IBC
tumor emboli are dependent on this signaling.



Our MARY-X model also exhibited relatively high ex-
pression of ALDH enzymatically and specifically ALDH1
immunocytochemically. ALDH1 has been shown to be a
marker for normal and malignant human mammary stem
cells and a predictor of poor clinical outcome in human
breast cancer.®’ Whether the ALDH1" population of
MARY-X exhibits enhanced stem cell properties and/or
increased metastasis remains to be determined.

It is important to verify that insights gained by studying
the stem cell properties of MARY-X are applicable
to human IBC. Our observations concerning CD133,
notch3, and ALDH1 could be extended to human cases
of IBC but it would be legitimate to question whether the
results observed in MARY-X are generalizable to all of
human IBC. After all, MARY-X is ER-negative, PR-nega-
tive, Her-2/neu-positive, and EGFR-positive® and there-
fore expressive of a triple-negative or basal molecular
subtype. It could be argued that the stem cell-like prop-
erties exhibited by MARY-X could be a manifestation of
its basal origin rather than its IBC origin. Like non-IBC,
IBC is a heterogeneous disease, notably in terms of
survival and response to chemotherapy and it has been
reported that the same molecular subtypes present in
non-IBC are also present in IBC.*? The stem cell markers
observed in MARY-X, namely CD133, notch3, and
ALDH1 were not limited to triple-negative IBC, however,
but were observed equally in ER-positive and Her-2/neu-
positive IBC as well. Therefore the IBC stem cell-like
phenotype transcends the conventional molecular sub-
types. Although the stem cell-like phenotype may also
occur in non-IBC triple-negative breast cancers, 3¢
these observations really require additional study be-
cause the non-IBC triple-negative phenotype includes a
potpourri of different cancers, which include medullary
carcinoma, metaplastic carcinoma, and BRCA1-related
carcinoma.

To gain additional insight into these stem cell-like sig-
natures overall, we are planning a more extensive TMA
analysis of CD133, notch3, and ALDH1 immunoreactivity
in dermal versus breast emboli in IBC, emboli in IBC
versus emboli in locally advanced breast cancer versus
emboli in early stage breast cancer, and embolic versus
nonembolic areas of IBC. For these studies we believe
that comparative analyses of pooled laser-captured mi-
crodissected lymphovascular emboli from these different
clinicopathological entities might be particularly reveal-
ing. We also plan to investigate the issue of whether
lymphovascular tumor emboli in non-IBC cases express
a different profile than the main tumor mass. This will tell
us whether it is the lymphovascular embolus per se that
contains the essential molecular signature of stemness
independent of its IBC origin.

The cancer stem hypothesis has revolutionized our
understanding of carcinogenesis and tumor cell bio-
logy.®"8 It is believed that CSCs may account for many
of the disease’s properties such as tumor latency, local
recurrences, distant metastasis, and emerging drug re-
sistance. Cancer stem cells are thought to exhibit in-
creased resistance to the induction of apoptosis by cy-
totoxic agents and radiation therapy compared with
proliferating and more differentiated cells. Some studies
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have suggested that CSCs may exhibit more angiogenic
activity. We have not shown unequivocally that MARY-X
contains either embryonal or tumoral stem cells because
we have not directly demonstrated a specific subpopu-
lation capable of both self-renewal as well as multipo-
tency, although we have indirectly supported these
claims. What we have shown is that MARY-X contains a
significantly large population of cells that express stem
cell-like properties. Recent studies have suggested that a
high percentage of tumor cells exhibiting stem cell prop-
erties or expression of a stem cell gene signature is
associated with advanced stage and poor prognosis for
different types of human malignancies.®*~*° All these
observations can be made with MARY-X and IBC. The
MARY-X spheroids, in particular, and IBC, in general,
resist chemotherapy and radiation-induced apoptosis,
display strong expression of many angiogenesis mark-
ers, including VEGF, flt1/VEGFR1, flk1/VEGFR2,** and
are associated with early distant metastasis and hence
an advanced stage and poor prognosis. This stem cell-
like phenotype may contribute to the aggressive nature of
IBC but may also lend itself to selective targeting.
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