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A subset of cells, tentatively called cancer stem cells
(CSCs), in breast cancer have been associated with tu-
mor initiation, drug resistance, and tumor persistence
or aggressiveness. They are characterized by CD44 pos-
itivity, CD24 negativity , and/or ALDH1 positivity in flow
cytometric studies. We hypothesized that the frequency
or density of these cells may be associated with more
aggressive tumor behavior. We borrowed these multi-
plexed, flow-based methods to develop an in situ
method to define CSCs in formalin-fixed paraffin-em-
bedded breast cancer tissue, with the goal of assessing
the prognostic value of the presence of CSCs in breast
cancer. Using a retrospective collection of 321 node-
negative and 318 node-positive patients with a mean
follow-up time of 12.6 years, we assessed TMAs using
the AQUA method for quantitative immunofluores-
cence. Using a multiplexed assay for ALDH1, CD44, and
cytokeratin to measure the coexpression of these pro-
teins, putative CSCs appear in variable sized clusters
and in 27 cases (of 490), which showed significantly
worse outcome (log rank P = 0.0003). Multivariate anal-
ysis showed that this marker combination is indepen-
dent of tumor size, histological grade, nodal status, ER-,
PR,- and HER2-status. In this cohort, ALDH1 expression
alone does not significantly predict outcome. We con-
clude that the multiplexed method of in situ identifica-
tion of putative CSCs identifies high risk patients in
breast cancer. (Am J Pathol 2010, 176:2131-2138; DOI:
10.2353/ajpath.2010.090712)

A series of studies over the last few years have defined a
new model for tumorgenesis based on the observation

that only a very small percentage of cells in solid tumors
are capable of generating new tumors in mice. These
cells have been observed to initiate new tumors that
resemble the tumor of origin in structure, behavior, and
molecular characteristics. Although not all scientists
agree, these tumor initiating cells have been termed can-
cer stem cells (CSCs). They are defined through their
ability to self-renew, differentiate, and create new tumors
in nude mice."”” These cells were also found to show
different properties than the rest of the cells in a given
tumor.® One of the properties that may be unique to these
cells is their general drug resistance. CSCs have mech-
anisms for protection from chemotherapeutic agents that
has been raised as a potential pathway for tumor recur-
rence.°~'" That is, if a therapeutic agent kills all of the
non-CSC cells, the tumor may shrink or appear to disap-
pear, but then later these cells may be responsible for
regrowth.'?

CSCs have presented a challenge in definition in that
to prove their stem-like properties they must be removed,
selected, and grown in animal models. Recent advances
in the identification of cell surface markers for various
tissue and tumor types have provided evidence for the
presence of CSCs in those tumor types. In solid tumors,
as breast, liver, lung, prostate cancer, an enriched pop-
ulation of 20 to 1000 CSCs is required to successfully

Supported by R33 CA 110511 Predicting Metastasis to Lymph Nodes (in
breast cancer) to D.L.R.

Accepted for publication January 11, 2010.

D.L.R. declares a duality of interest, as a founder, consultant, and
stockholder of a biotech company called HistoRx. This company was
founded by Yale and is the exclusive Yale licensee of the AQUA® tech-
nology developed in Dr. Rimm’s lab. R.L.C. is also a stockholder in this
company and serves as a consultant.

Supplemental material for this article can be found on http://ajp.
amjpathol.org.

Address reprint requests to David L Rimm, M.D., Ph.D., Professor of
Pathology, Department of Pathology, BML 116, Yale University School of
Medicine, 310 Cedar St., PO Box 208023, New Haven, CT 06520-8023.
E-mail: david.rimm@yale.edu.

2131



2132 Neumeister et al
AJP May 2010, Vol. 176, No. 5

generate tumors in animal models.®>” 32" For breast
cancer it has been demonstrated that a CD44*/CD24~/
lin~ cell population is meeting the characteristics of
CSCs. Furthermore, this cell population is sufficient for
invasion but does not translate into real metastasis.??
Flow cytometry, followed by cell sorting, growing mam-
mospheres, and transplanting these sorted cells into
nude mice, allowed to identify various subsets of cells
capable of self renewal, differentiation, and tumor initia-
tion characterized through different cell surface markers,
which seem to be specific for each tumor type.?>2* In
breast cancer different cell surface markers that have
been described include CD44™/CD24~/lin~, a 6 Integrin,
CD133, B 1 Integrin/CD29, and ALDH1, which is not a cell
surface marker.??-26

ALDH1 is an aldehyde dehydrogenase, responsible
for oxidation of retinol to retinoic acid, important for nor-
mal development and homoeostasis in several organs
and crucial during embryogenesis. It is an important
detoxifying enzyme in the liver, also expressed in kidney,
as well as hematopoeitic progenitor cells.?” 3% ALDH1 is
described to play a crucial role within normal differentia-
tion of stem cells. It was demonstrated that ALDH1-pos-
itive cells can easily be identified by the flow cytometry-
based Aldefluor assay that detects intracellular ALDH1
expression in viable cells.®' ALDH1 expressing breast
epithelial cells isolated from reduction mammoplasties
have been shown to be capable of growing mammo-
spheres as well as growth and duct formation in the fat
pad of NOD/scid mice. In contrast, Aldefluor-negative
cells fail to grow mammospheres or to show differentiated
outgrowth in mice. ALDH1-positive tumor cells were able
to generate tumors in nude mice with as low as 500 cells.
When ALDH1 positivity was combined with the marker set
of CD44%/CD24~/lin~ the enriched population of cells
was able to successfully generate tumors with as few as
20 cells in nude mice when transplanted orthotopically
into fat pad. The population of cells that were ALDH1~
but CD44"/CD24~/lin~ were not able to generate tumors
when transplanted into fat pad of nude mice even with as
many as 50,000 cells.?® Thus, tumor cells expressing
ALDH1 and CD44%/CD24~/lin~ are highly tumorigenic
and were considered to be cancer stem cells. Thus
ALDH1 presents a potential method to define CSCs with-
out removing the cells from their tissue environment.
Wicha and colleagues attempted to visualize and assess
CSCs using an immunohistochemical assay for ALDH1.
Two breast cancer cohorts, consisting of 341 and 136
patients, were analyzed for ALDH1 expression and
ALDH1 positivity was seen in 20% to 30% of the patients,
and a strong correlation was seen between ALDH1 pos-
itivity and poor prognosis.*®

Given the properties described above, we hypothe-
sized that multiplexed antibody assessment may provide
a mechanism for identification of stem cells in situ. Fur-
thermore, given their ability to evade chemotherapy and
their ability to form new tumors, we hypothesized that the
presence and density of CSCs may be associated with
tumor aggressiveness. Toward that goal, we have de-
signed a multiplexed assay for CSCs and tested these in
a large cohort of breast cancer patients.

Table 1. Characteristics of the Yale Breast Cancer Cohort,
Showing Information on Age, Histology, Tumor
Size, Nodal Status, ER-, PR-, and HER2 Assessment,
All of These Factors within the Expected Range for
a Breast Cancer Cohort of 642 Patients

Median
Variable n (%) (range)
Number of patients 642 (100)
Follow-up, y 8.9 (0.19-41)
Age, y 58 (24-88)
<50 170 (26)
>50 465 (73)
Not specified 7(1)
Histology
Infiltrating duct 520 (81)
Infiltrating lobular 14 (2)
Carcinoma (not other spec.) 83 (13)
Other 25(4)  25(0.13-14.5)
Tumor size, cm
<2 212 (33)
2t05 279 (44)
>5 99 (15)
Not specified 52 (8)
Nodal status
Negative 321 (50)
Positive 318 (49)
Not specified 3(1)
ER
Negative 287 (45)
Positive 320 (50)
Not available 35 (5)
PR
Negative 290 (46)
Positive 298 (47)
Not available 49 (7)
HER2
Negative 487 (77)
Positive 109 (16)
Not specified 46 (7)

Materials and Methods

Yale Breast Cancer Cohort

Formalin-fixed, paraffin-embedded (FFPE) tumors of 642
patients, who underwent surgery at the Yale University
New Haven Hospital between 1962 and 1983, were ob-
tained from the archives of the Pathology Department of
Yale University (New Haven, CT). The follow-up time for
these patients ranges between 4 months and 41 years
with a median follow-up of 12.6 years. Patient age at
diagnosis ranged from 28 to 88 years with a mean age of
58 years. 321 patients were node-negative, and 318 pa-
tients were diagnosed as node-positive (Table 1). Post-
surgical treatment information was not available for all of
the patients; however, most patients were treated with
local irradiation, and none of the node-negative patients
received adjuvant systemic therapy. Approximately 15%
of the node-positive patients received adjuvant chemo-
therapy. Postmenopausal patients with ER-positive tu-
mors, diagnosed after 1978, received tamoxifen (5.6% of
the patients). By standard immunohistochemistry, 52% of
the tumors showed positivity for ER, 46% for PR, and 14%
for HER2. Nuclear grade 3—on a scale 1 to 3—was seen
in 28% of the specimens, tumor size ranged between 2
and 5 cm in 44% of the cases and more than 5 cmin 15%



of the cases. 81% were diagnosed as infiltrating ductal
carcinoma, 2% as lobular carcinoma, and 17% as mixed
types or other histology.

Tissue Microarray Construction

The tissue microarrays (TMAs) for this study were con-
structed as previously described.®®> Representative tu-
mor areas from FFPE of primary breast tumors were
placed in a recipient block using 0.6 mm core size. Liver
tissue and cell lines were used as internal controls. The
cell lines MB231, A431, BT549, SKBR3, SW480, BAF3,
HT29, MB435, T47D, MCF7, MB436, MB468, BT474,
NCIH28, and HST2A were purchased from ATCC (Man-
assas, VA) and cultured in the lab. Culture conditions and
construction of cell line arrays have been previously de-
scribed.®® The cell lines were represented in duplicate as
internal controls.

Multiplexed Immunohistochemical Staining for
Single Target, Multiple Targets, and Antibodies

Slides were deparaffinized with xylene, rehydrated with
alcohol, and antigen retrieval was achieved by pressure
cooking with citrate buffer (pH = 6) for 10 minutes. After
blocking of endogenous peroxidase with methanol and
hydroxyl peroxide, slides were preincubated with 0.3%
bovine serum albumin in 0.1 mol/L of Tris-buffered saline
(triethanolamine-buffered saline, pH = 8) for 30 minutes
at room temperature. For multiplexed immunohistochem-
istry targeting a single target slides were then incubated
with a cocktail of the primary antibody ALDH1 (BD Bio-
sciences, immunogen human ALDH1, Clone 44, dilution
1:1000) and a wide-spectrum rabbit anti-cow cytokeratin
antibody (20622, DAKO, dilution 1:100) in bovine serum
albumin/Tris-buffered saline at 4°C overnight. To target
multiple targets slides were incubated overnight at 4°C
with the following antibodies: ALDH1- BD Biosciences at
1:1000, CD44 rabbit monoclonal antibody — Abcam,
clone EPR1013Y, at 1:1000 and guinea pig Anti-Keratin,
Sigma, at 1:200. As secondary antibodies we used
mouse EnVision reagent (DAKO, neat) and Alexa 546
conjugated goat anti-rabbit secondary antibody (Molec-
ular Probes, Eugene, OR; 1:100) for targeting ALDH1 as
a single target. For multiple targets we used mouse En-
Vision and rabbit EnVison (DAKO, neat), after blocking
horseradish peroxidase as previously described,®* and
Alexa Fluor 546 goat anti-guinea pig secondary antibody
(Molecular Probes) for 1 hour at room temperature. Cy5-
tyramide (Perker Elmer, Life Science, MA) and biotinyl-
ated tyramide (Perker Elmer) followed by streptavidin-
conjugated Alexa Fluor 750 (Invitrogen, Molecular Probes)
were used to visualize the targets. DAPI staining contain-
ing 4'6-diamidino-2phynilindol was used to identify tissue
nuclei.

Automated Quantitative Analysis

Automated quantitative analysis (AQUA®) is a method
that allows exact and objective measurement of protein
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concentration within a defined tumor area, as well as
within subcellular compartments, as described else-
where.33 Briefly, a series of monochromatic high-resolu-
tion images were captured using an Olympus AX-51
epifluorescent microscope using a previously described
algorithm for image collection.®® For each histospot an in-
and out-of-focus image were obtained using the signals
from the 4’6-diamidino-2phynilindol, from the cytokeratin —
Alexa 546, from ALDH1 — Cy5 channel and CD44 — Alexa
750 channel. A tumor mask was created by binarizing the
cytokeratin signal, which allowed us to exactly measure
the ALDH1-, respectively the CD44 protein expression
within the epithelial compartment of the tumor and to
distinguish between stromal, lymphocytic, and tumor pro-
tein expression. Only expression within the tumor mask
was accounted for a positive score. To measure coex-
pression of ALDH1 and CD44, we binarized the CD44
signal within the tumor mask and created a CD44 com-
partment, allowing us to measure the ALDH1 pixel inten-
sity within the CD44 compartment. AQUA scores of a
given target within the tumor mask, the CD44 compart-
ment, or different subcellular compartments were calcu-
lated by dividing the signal intensity by the area of the
tumor mask, CD44 compartment, or the subcellular com-
partment within the histospot. Patient sample histospots
showing 5% tumor or less, as determined by the percent-
age of area of the spot that was positive for cytokeratin,
were excluded from the analysis.

Western Blot

The cell lines MCF7, BT474, MB453, HT29, A431, 1650,
CaCo, and Mell888 were purchased from ATCC (Manas-
sas, VA). Western blotting of protein extracts was per-
formed using standard methods. ALDH1 expression was
detected by overnight incubation with the mouse mono-
clonal anti-ALDH1 antibody (BD Biosciences, Clone 44)
at 1:250. Protein loading was assessed using rabbit anti—
B-tubulin at 1:4000 overnight.

Statistical Analysis

Pearson correlation coefficient (R) was used to assess
the correlation of AQUA scores between corresponding
histospots on boutique arrays and on the Yale Breast
Cancer Cohorts. Survival curves were calculated using
the Kaplan-Meier analysis, accounting for breast cancer
specific mortality with a follow-up time of 120 months.
Patients were also stratified for nodal status and Kaplan—
Meier analysis for node-positive and node-negative pa-
tients was performed separately. Multivariate analysis us-
ing the Cox proportional hazards model was performed
to assess the independent prognostic significance of
ALDH1 expression within the tumor mask and within
the CD44 compartment on nonnodal relapse and over-
all survival. Bivariate x° tests were used to determine
the association between ALDH1 and clinicopathologic
parameters.

All P values were based on two-sided testing, and P <
0.05 was considered as statistically significant.
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All statistical analysis was done using Statview
software.

Results

Antibody Validation and Cell Line Expression

To assess the expression of ALDH1 and to validate the
antibody for use in situ, we prepared cell lysates from a
series of immortalized cell lines and fractionated them by
Western blot. The Western blot showed bands that mi-
grate at 55 kDa consistent with ALDH1 expression in
CaCo2, HT 29, and A431 cell lines (Figure 1A). The same
antibody was used in immunofluorescent assays to show
detection of HT29, A431, and MB175 when prepared as
FFPE specimens as a control tissue microarray contain-
ing 15 other cell lines that did not express ALDH1. Ex-
amples of these cell lines are shown in Figure 1C and
quantified in fourfold redundancy as shown in Figure 1B.
The cell line with the lowest expression of ALDH1 was
MB175, which corresponded with an AQUA score of 10.
The AQUA score of 10 is defined as the threshold of
detection using this assay system (Figure 1). The CD44
antibody was validated in a similar manner, and an AQUA
score of 8 was used as a cutoff for CD44 positivity (data
not shown).

Assessment of ALDH1 and CD44 Expression in
the Yale Breast Cancer Cohort

ALDH1 expression was measured by AQUA analysis
in fourfold redundancy on the Yale Breast Cancer Cohort. In
most cases, no ALDH1 expression was seen anywhere in
the histospots. Some cases showed patchy epithelial
and/or stromal expression patterns. Most commonly in
ALDH1-positive histospots, it appeared as small clusters
of epitheliod tumor cells (Figure 2). Less often it was
expressed in small islands of cells that were morpholog-
ically indistinct from surrounding cells. Very rarely, it was
expressed in nearly every cell in a given histospot.

As per the validation above, AQUA scores above 10
were considered above the threshold of background
nonspecific staining. Because most histospots were neg-
ative, the highest AQUA score from all of the TMA spots
for each patient was used to represent that patient. We
were able to assess ALDH1 expression for 626 patients
within this cohort, 45 (7%) of them showing positive
AQUA scores for ALDH1. Because we were attempting to
define epithelial CSCs, only protein expression colocal-
izing within the cytokeratin mask was scored. There was
some staining within the stroma as well as in the lympho-
cytic and histocytic areas of the tumor tissue, but this
staining was excluded from the analysis. Only 4 of the 45
positive histospots express ALDH1 at high levels homo-
geneously within the cytokeratin stain, whereas the ma-
jority of the positive cases are represented by groups and
clusters of ALDH1-positive cells or low protein expression
just above the threshold (Figure 2A). A frequency distri-
bution of cases is shown in Figure 3A. Kaplan-Meier
analysis of ALDH1 expression showed that those patients
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Figure 1. Antibody validation and cell line expression of ALDH1 through
Western blot and immunofluorescent staining followed by AQUA analysis on
a series of control cell lines. A: The Western blot shows positive protein
expression for ALDH1 in the cell lines CaCO, A431, and HT29 with a band at
55 kDA. No ALDH1 expression was detected in MB453, BT474, MCF7, 1650,
and Mell888. B Tubulin serves as a control. B: Representative images of the
three cell lines, MB175, A431, and HT29, with positive ALDH1 expression.
The cell lines are represented on a tissue microarray; immunohistochemical
staining was performed and the images were captured on the Cy5 channel
with the PM1000 microscopy platform. Subsequent AQUA analysis resulted
in an AQUA Score, which was used to define positive ALDH1 staining for
breast cancer tissue. C: Immunohistochemical staining and AQUA analysis of
ALDH1 were performed in fourfold redundancy on a control TMA consisting
of cell lines, breast cancer samples, liver, and normal breast tissue. AQUA
scores for each cell line are shown in fourfold redundancy. Cell lines show-
ing positive expression for ALDH1 with an AQUA score above the threshold
of 10 are MB175, A431, and HT29, thus confirming the Western blot results
for ALDHI1 positivity in A431 and HT29 cell lysates. The threshold of 10 was
determined as the lowest AQUA Score for MB175 on these experiments
performed in fourfold redundancy (no Western blot was performed for
MB175 lysate).

expressing ALDH1 above the threshold showed worse
breast cancer specific survival compared with those with-
out ALDH1 expression (P = 0.09; Figure 3B). Stratifying
by nodal status did not show significance in either sub-
set. ALDH1 expression did not show correlation with
expression of ER, PR, HER-2, CK5, or CA IX (data not
shown).

We found a heterogeneous, largely membranous, and
cytoplasmic staining pattern for CD44 consistent with the
previously described expression pattern in breast can-
cer.®5*1 CD44 expression was seen in 13 of 20 cell lines.
The threshold for expression was an AQUA score of 8.



DAPI

ALDH1

< >
ALDH1 CD44 Cytokeratin and DAPI
ALDH1 CD44 Cytokeratin ant’ DARJ

The distribution of scores for CD44 is shown in Figure 3C.
Survival analysis for CD44 in a Kaplan-Meier analysis
shows CD44 expression is not associated with outcome
(Figure 3D). Stratification for nodal status shows that
node-negative breast cancer patients with high expres-
sion of CD44 trend toward better prognosis (P = 0.09) as
described previously for the CD44 splice form CD44s.4?
In node-positive patients CD44 expression does not
show any association with outcome (supplemental Figure
S1 at http://ajp.amjpathol.org).
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Figure 2. Representative examples for ALDH1
and ALDH1/CD44 staining patterns in our breast
cancer cohort. A: X60 magnification images cap-
tured with a convolution/deconvolution imag-
ing system microscope (Deltavision) showing
ALDHI1 expression in groups or in single cells
within the epithelial tumor. The epithelial tumor
is defined through cytokeratin staining, shown
in green; ALDH1 is shown in red, and DAPI
staining in blue. B: Breast cancer sample 1 and 2
show different staining patterns for ALDH1 and
CD44 coexpression as found on our TMAs. Sam-
ple 1 shows high expression for ALDH1, where
CD44-positive cells can be found in clusters.
Sample 2 shows high expression for CD44,
where ALDHI-positive cells can be found in
clusters. In both tissue samples cells showing
coexpression of ALDH1, CD44, and cytokeratin
illustrate the common clustering pattern.

ALDH1 and CD44 merged

ALDH1 and CD44 merged

Multiplexed Immunofluorescent Staining for
ALDH1 and CD44 for in Situ Identification
of CSCs

In efforts to mimic the method for identification of CSCs
used in dispersed cells, but without the capability to use
negative selection for in situ identification, we developed
a protocol to assess ALDH1 co-expression with CD44 in
the tissue compartment defined by cytokeratin expres-
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Figure 4. Kaplan—Meier analysis for ALDH1 in a CD44 compartment assessed through AQUA analysis after immunohistochemical staining for multiple targets
on our cohort. A: Assessment of ALDH1 and CD44 coexpression was performed in twofold redundancy, an AQUA score of 10 and above for ALDH1 in the CD44
compartment was defined as positive, and maximal scores were counted. The P value shows significance with patients coexpressing both markers showing poor
prognosis. B: Kaplan—-Meier analysis for node-negative patients coexpressing ALDH1 and CD44. Eight patients score positive for this marker set, two events only.
C: Kaplan—Meier analysis for node-positive patients coexpressing ALDH1 and CD44. The P value is highly significant, thus this marker set is identifying a subset

of node-positive patients who are at high risk.

sion as described in the Materials and Methods section.
Several tumors expressed ALDH1 but not CD44. Other
tumors expressed CD44 but not ALDH1. In some cases
with high levels of ALDH1, CD44 was seen only in clus-
ters or islands of cells within the tumor spot. The most
common pattern was a heterogeneous pattern of CD44
staining with islands representing a few cells that ex-
pressed ALDH1 (Figure 2B) There was also occasional
ALDH1 expression colocalized with CD44 within the
stroma, on lymphocytes or histocytes. Because they were
not in regions positive for cytokeratin, these cases had
AQUA scores below the threshold of 10. To exclude the
possibility that multiplexing these markers resulted in
variable or decreased expression, we compared the mul-
tiplexed cases analysis with the assessment of each
marker in a single marker assay. In each case the single
assay showed close correlation with the multiplexed as-
say (supplemental Figure S2 at http.//ajp.amjpathol.org).

Although we do not know the average or expected
density of CSCs in tumors we decided to use the stan-
dard approach of assessment of the assay in twofold
redundancy. The highest AQUA score of the two spots
was selected as the score for the case, on the basis of the
fact that TMAs may undersample for rare events like
CSCs. Of the 620 cases on the original build of the array,
only 490 were scoreable in 2X redundancy with greater
than 5% cytokeratin-positive tumor area. We were able
to identify 27 patients of 490 (5.5%) with an AQUA
score above threshold for ALDH1 in the CD44 compart-
ment, thus showing coexpression for ALDH1, CD44, and
Cytokeratin.

Statistical Analysis

Statistical analysis including log rank testing and Kaplan—
Meier analysis showed that patients coexpressing ALDH1
and CD44 within the epithelial compartment have a high
breast cancer specific mortality, with a P value of 0.0003
(Figure 4A). Furthermore, assessment by the Cox propor-
tional Hazard Model shows a hazard ratio of 2.15 (95%
Cl; 1.198 to 3.846; P = 0.0103) for breast cancer specific
death when the CSCs are found by this assay, indepen-
dent of ER-, PR-, HER2-status, nodal status, nuclear

grade, and tumor size (Table 2). Even though the assay is
independent of the patient’s nodal status, stratification for
nodal status was done to determine whether CSCs are
seen more frequently in patients with known metastasis to
lymph nodes. The CSC assay was highly significant
within the node-positive patient group but not significant
in the node-negative group (Figure 4, B and C). Although
this finding is consistent with the biological hypothesis,
the observation may be attributable to the small subset of
patients coexpressing ALDH1 and CD44, especially in
the node-negative group.

Discussion

The potential existence of cancer stem cells and their
influence on tumor initiation, growth, and metastasis is an

Table 2. The Multivariate Analysis for ALDH1 in the CD44
Compartment Shows that the Prognostic Value of
this Marker Set Is Independent of ER-, PR-, HER2-
Status, of Tumor Size, Nuclear Grade, and Nodal

Status
Parameter HR 95% Cl P value

Nuclear grade

Low 1.00

High 1.200 0.870-1.655 0.2664
Tumor size

<2.cm 1.00

2to5cm 2.117 1.453-3.083 <0.0001

>5.cm 3.187 2.000-5.076 <0.0001
Nodal status

Negative 1.00

Positive 2.37 1.582-3.165 <0.0001
ER

Low 1.00

High 0.786 0.558-1.107 0.1680
PR

Low 1.00

High 0.797 0.573-1.110 0.1795
HER2

Low 1.00

High 1.523 1.017-2.226 0.0411
ALDH1 in CD44

compartment
Negative 1.00
Positive 2.150 1.198-3.846 0.0103




old concept.*® But the concept is hard to prove, in part
because the method of proving the stem-like qualities of
the cells requires assays that remove the cells from their
native environment. One set of identifying proteins used
to define possible cancer stem cells in breast cancer are
the combination of CD44%/CD24/lin~,%2 though it has
been shown that this marker set is not relevant in terms of
prognostic and predictive value after analyzing breast
cancer tissue for these proteins.** ALDH1 is of special
interest, because it is an enzyme crucial for embryogenic
development but also necessary for normal differentiation
of stem cells. ALDH1 has been shown to identify cells
with characteristics of stem cells and/or early progenitor
cells for normal breast epithelium as well as breast can-
cer. Furthermore, breast cancer cells sorted for ALDH1
positivity and CD44 positivity are highly tumorigenic, with
only 20 cells capable of initiating tumor growth in NOD/
scid mice.2® Thus in the present study we combined the
best markers identified so far to identify CSCs in situ.

In the present study we are able to develop an assay to
reproducibly measure the coexpression of ALDH1 and
CD44 within the epithelial (cytokeratin) compartment of
breast tumor tissue. This method allowed us to identify a
subset of patients with poor prognosis, independent of
conventional risk factors in breast cancer. We believe
these cell clusters may represent CSCs as the frequency
of their appearance and their morphological characteris-
tics are consistent with descriptions of stem cells in mam-
mospheres.*® However, to date, the validation that cells
are indeed cancer stem cells has been their growth in a
mouse model. This is obviously not possible in this sys-
tem. Thus, although this work provides a new assay and
an interesting result, we are unable to conclude that we
have truly identified cancer stem cells.

Some of the data in this study are inconsistent with
previous work on CSCs. In one key study using ALDH1 as
a marker for stem cells, expression was seen in 20% to
30% of breast cancer patients on two different cohorts.?>
In our Yale Breast Cancer Cohort we showed positivity in
only 7% of the cases. This discrepancy may be attribut-
able to the increased stringency we used for assessment
of CSCs (multiplexing), or it may be attributable to the fact
that we were strictly measuring ALDH1 expression within
the epithelial cells, where other studies counted any
staining by ALDH1 including the stroma and infiltrating
lymphocytes. Also, other studies have shown significant
correlations between ALDH1 expression and HER2 sta-
tus and CK5/6 expression,® as well as a regulatory effect
of HER2 on ALDH1 expression in breast cancer cell
lines.*® Our work shows no correlation between HER2
expression and the cells identified as CSCs by our assay.
However, our assay does not assess colocalization of
HER2 expression within the CSC cells, but rather com-
pared the HER2 status of the case to CSC status. It is
possible that the rare CSC cell islands express some
HER2 but were below the threshold for definition of HER2
positivity for the entire case.*’

Another limitation of this study is the fact that it was
performed on TMAs. The amount of tumor sampled by
two TMA spots is less than 0.0001 percentage of the
tumor, yet there have been hundreds of studies using
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TMAs*® and many studies have shown concordance be-
tween TMA studies and whole section analysis.*® We are
concerned that the area of a TMA spot may be insufficient
for this assay, given the presumed low frequency of
CSCs and the heterogeneity of tumors. Thus, although we
report a frequency of 7% of CSCs in our population, this
number may be proven to be a low estimate once studies
are done with larger samples, either on whole slides on at
higher-fold redundancy by TMA. However, the associa-
tion of poor outcome in the 7% with CSCs supports our
hypothesis that tumors with higher frequency of CSCs are
associated with more aggressive behavior.

Finally, some of the results of this work are highly
supportive of previous efforts related to CSCs. Perhaps
most convincing is that CSCs are thought to allow tumors
to grow independently and aggressively. That is consis-
tent with the poor disease-specific survival seen in CSC-
positive patients identified by our assay. CSCs are also
thought to mediate metastasis because stem cells are
known to be able to both self-replicate and differentiate.
This study shows our assay identifies CSCs with much
greater frequency in cases with nodal metastasis at pre-
sentation. However, despite these promising findings,
further assays need to be done to validate these obser-
vations. Specifically, we are working toward assessment
of the density of CSCs on conventional sections of breast
tissue to assess the heterogeneity and density of CSCs.
Finally, we are also working on confirmation of this ob-
servation in an independent cohort. If these findings are
consistent with this first report, this multiplexed CSC as-
say may be valuable in the future in both prognostic and
predictive settings.
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