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Abstract

Purpose: Breast cancer stem cells have been shown to be associated with resistance to
chemotherapy in vitro, but their clinical significance remains to be clarified. The aim of
this study was to investigate whether cancer stem cells were clinically significant for
resistance to chemotherapy in human breast cancers.
Experimental Design: Primary breast cancer patients (n = 108) treated with neoadjuvant
chemotherapy consisting of sequential paclitaxel and epirubicin-based chemotherapy
were included in the study. Breast cancer stem cells were identified by immunohistochemical staining of CD44/CD24 and aldehyde dehydrogenase 1 (ALDH1) in tumor
tissues obtained before and after neoadjuvant chemotherapy. CD44+/CD24- tumor cells
or ALDH1-positive tumor cells were considered stem cells.
Results: Thirty (27.8%) patients achieved pathologic complete response (pCR). ALDH1positive tumors were significantly associated with a low pCR rate (9.5% versus 32.2%;
P = 0.037), but there was no significant association between CD44+/CD24- tumor cell
proportions and pCR rates. Changes in the proportion of CD44+/CD24- or ALDH1positive tumor cells before and after neoadjuvant chemotherapy were studied in
78 patients who did not achieve pCR. The proportion of ALDH1-positive tumor
cells increased significantly (P < 0.001) after neoadjuvant chemotherapy, but that of
CD44+/CD24- tumor cells did not.
Conclusions: Our findings suggest that breast cancer stem cells identified as ALDH1- positive, but not CD44+/CD24-, play a significant role in resistance to chemotherapy. ALDH1positive thus seems to be a more significantly predictive marker than CD44+/CD24- for
the identification of breast cancer stem cells in terms of resistance to chemotherapy.

Cancer stem cells are defined as rare tumor cells that are capable of self-renewal and give rise to multipotent progenitor cells,
which ultimately differentiate into all cell types within the tumor (1–4). The cancer stem cell population is believed to be
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small, accounting for only 0.1% to 1% of all tumor cells. Cancer stem cells were first documented in acute myeloid leukemia
by taking advantage of cell sorting technology using various
surface markers (5). Later studies of solid tumors, including
breast tumors, brain tumors, lung tumors, and colon tumors,
have indicated the presence of cancer stem cells in these tumors
as well (6–9). With respect to breast cancer, Al-Hajj et al. were
the first to distinguish tumorigenic cancer cells (stem cells)
from nontumorigenic ones by using cell surface markers
CD44 and CD24 (6). They showed that as few as 100 tumor
cells with CD44+/CD24- phenotype were able to produce tumors in immunodeficient mice, whereas tumor cells with other
CD44/CD24 phenotypes were unable or rarely able to produce
tumors even when as many as 105 to 106 tumor cells were inoculated into such mice. Furthermore, Abraham et al. conducted immunohistochemical studies of CD44+/CD24- tumor
cells in human breast tumors and showed that breast tumors
containing a high proportion of CD44+/CD24- cells were associated with distant metastases (10).
Recently, Ginestier et al. showed that aldehyde dehydrogenase 1 (ALDH1) is a better marker of breast cancer stem
cells based on the finding that fewer ALDH1-positive than
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with resistance to chemotherapy and that the proportion of
stem cells may increase after chemotherapy because they are resistant to chemotherapy. In the study presented here, we investigated the validity of these speculations in a neoadjuvant
chemotherapy setting in human breast cancers. We employed
the two methods for the identification of breast cancer stem
cells, CD44/CD24 and ALDH1, to compare their clinical utility
for the prediction of resistance to chemotherapy.

Translational Relevance
To realize the personalized chemotherapy for
breast cancer patients, it is very important to develop
a predictor of response to chemotherapy. Several
parameters, including estrogen receptor, progesterone receptor, HER-2, Ki-67, and topoisomerase 2A,
have been reported to be associated with pathologic
complete response rates after sequential taxane and
anthracycline-based chemotherapy, but they are not
enough, and more accurate predictors need to be developed. In the present study, we have evaluated the
clinical value of aldehyde dehydrogenase 1 (ALDH1)positive cancer stem cells determined by immunohistochemistry in the prediction of response to the
chemotherapy, because cancer stem cells are
thought to be inherently chemoresistant and thus
to have a potential to be used as a predictor of resistance. Actually, we have been able to show herein
that ALDH1-positive cancer stem cells serve as a
significant and independent predictor of resistance
to the chemotherapy. Our present observation
seems to be clinically important, because it is
expected that response to sequential taxane and anthracycline-based chemotherapy can be estimated
more accurately by adding ALDH1 to other conventional parameters.

Materials and Methods

CD44+/CD24- tumor cells are required to produce tumors in
immunodeficient mice (11). In addition, they have been able
to show that immunohistochemically identified ALDH1 expression is associated with poor prognosis in human breast cancers.
ALDH1 in cancer stem cells may be a significant enzyme in
stem cell differentiation that regulates the conversion of retinoic
acid to oxidizing retinol (12). The results of Abraham et al. (10)
and Ginestier et al. (11) seem to point to the existence of breast
cancer stem cells and their association with a biologically aggressive phenotype. Another important characteristic of cancer
stem cells is that they usually express high levels of ATP-binding
cassette transporters and thus are thought to be resistant to various chemotherapeutic agents effluxed by ATP-binding cassette
transporters (13, 14). In fact, several in vitro studies have shown
that cancer stem cells are resistant to paclitaxel, doxorubicin, 5fluorouracil, and platinum (15–18). The implication that breast
tumors may contain stem cells, which are supposedly resistant
to chemotherapy, can be of major clinical importance for a better understanding of the mechanism of acquisition of drug resistance. Almost all breast tumors, although initially may
respond to a given chemotherapy, ultimately become resistant
to the chemotherapy. It is generally thought that tumor
regrowth during chemotherapy results from clonal selection
of tumor cells, which acquire their resistant properties due to
various genetic/epigenetic mechanisms during the treatment
(2). In the case of stem cells, however, it is considered that chemotherapy-resistant stem cells have been already present before
chemotherapy and that tumor regrowth is attributable to the
preferential proliferation of these stem cells. Taking all these
findings into account leads to the speculation that breast tumors with a high proportion of stem cells may be associated
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Patients and breast tumor tissues. The subjects recruited for this
study comprised 108 primary invasive breast cancer patients (mean
age, 50.8 years; range, 26-72 years) with a tumor >3 cm in diameter
or with cytologically confirmed axillary lymph node involvement who
were treated with neoadjuvant chemotherapy at Osaka University Hospital between June 2003 and April 2007 (4 stage IV patients with small
distant metastases were included in these subjects). Tumor specimens
were obtained before neoadjuvant chemotherapy by means of vacuumassisted core needle biopsy. All patients were treated with 12 cycles of
paclitaxel (80 mg/m 2 /wk) followed by 4 cycles of 5-fluorouracil
500 mg/m2, epirubicin 75 mg/m2, and cyclophosphamide 500 mg/m2
every 3 weeks. Breast conserving surgery or mastectomy was conducted
3 to 4 weeks after the last treatment. Tumor specimens (surgical specimens) were also obtained at surgery. Informed consent was obtained
from each patient.
It was possible that different sampling methods of tissue specimens
might bias against the immunohistochemical results. Thus, we conducted a study to compare the immunohistochemical results of
CD44/CD24 and ALDH1 between the vacuum-assisted core needle biopsy specimens obtained before surgery and the surgical specimens obtained at surgery in 40 primary invasive breast cancer patients [stage I
(n = 24), stage II (n = 15), and stage III (n = 1)] who had not been
treated with neoadjuvant chemotherapy. Concordance of CD44 + /
CD24- tumor cell proportions (%) as well as ALDH1 status between
vacuum-assisted core needle biopsy and surgical specimens was excellent, indicating that difference in sampling methods of tissue specimens
was unlikely to bias against our results (Supplementary Fig. S1).
Antibodies. (a) CD24 [clone Ab-1 (SN3), monoclonal, IgG isotype,
1:100; Neomarkers], (b) Tyramide Signal Amplification Fluorescence
System (1:50; Perkin-Elmer), (c) biotin-conjugated CD44 (clone 1563C11, monoclonal, IgG isotype, 1:100; Neomarkers), (d) ALDH1 (monoclonal, IgG isotype, 1:100; BD Biosciences), (e) CD68 (clone PG-M1,
monoclonal, IgG isotype, 1:100; DAKO Japan), (f) Ki-67 (clone MIB-1,
monoclonal, IgG isotype, 1:100; DAKO Japan), (g) topoisomerase 2A
(TOP2A; clone Ki-S1, monoclonal, IgG isotype, 1:100; DAKO Japan),
(h) biotin Labeling Kit-NH2 (Dojindo Molecular Technologies), and (i)
Tyramide Signal Amplification Biotin System (1:50, Perkin-Elmer).
Double-fluorescence immunohistochemical identification of CD44+/
CD24- tumor cells. Antigen retrieval of tumor tissue paraffin sections
(3 μm) was accomplished by microwaving in Target Retrieval Solution (pH 6.0; DAKO Japan). The sections were first incubated with
anti-CD24 antibody (a) and then anti-mouse secondary antibody conjugated with peroxidase (1:100; The Jackson Laboratory) and subsequently visualized with a FITC-Tyramide Signal Amplification
reaction (b; ref. 19). Next, the paraffin sections were incubated with
anti-biotin-conjugated CD44 antibody (c) and subsequently visualized
by means of anti-biotin secondary antibody conjugated with Cy3
(1:100; The Jackson Laboratory) and then counterstained with
Hoechst (Invitrogen).
Fluorescent immunostaining of CD44 and CD24 was analyzed with a
Zeiss LSM510 confocal microscope. The percentage of CD44+/CD24- tumor cells (stained red) was determined with the aid of WinROOF imaging software (Mitani; ref. 20). CD44+/CD24- tumor cells were selected by
subtracting CD24+ tumor cells from CD44+ tumor cells. The number of
CD44+/CD24- tumor cells and the other tumor cells in the invasive
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component was counted with visual check [three high-power (×400)
fields]. Finally, the percentage of CD44+/CD24- tumor cells per total tumor cells was calculated in each tumor. Threshold values used for the
analysis of CD44 (Cy3) and CD24 (FITC) images were 33.3% (85 on
the 0-255 grayscale) and 20.0% (51 on the 0-255 grayscale), respectively.
Immunohistochemical staining of ALDH1, CD68, Ki-67, and TOP2A.
The expression of ALDH1, CD68, Ki-67, and TOP2A was immunohistochemically evaluated with the avidin-biotin-peroxidase method using
anti-ALDH1 antibody (d), anti-CD68 antibody (e), anti-Ki-67 antibody
(f), and anti-TOP2A antibody (g), respectively, according to the previously described method (21, 22). Antigen retrieval was accomplished
by heating at 98°C for 40 min for ALDH1, CD68, and Ki-67 and for
1 h for TOP2A. The cutoff value for Ki-67 and TOP2A was 20%.
For differentiation of ALDH1-positive tumor cells from ALDH1-positive macrophages, double immunohistochemical staining of ALDH1
and CD68 (a marker for macrophages) were carried out in some tumors. In brief, paraffin sections (3 μm) were incubated with antiALDH1 antibody (d) and subsequent conjugation of anti-mouse
secondary antibody with alkaline phosphatase. Then, the sections were
incubated with anti-CD68 antibody (e), treated with Biotin Labeling
Kit-NH2 (h), and incubated with anti-biotin secondary antibody conjugated with peroxidase using Tyramide Signal Amplification Biotin System (i; ref. 23). Finally, the sections were incubated with fucshin
(DAKO Japan) and 3,3′-diaminobenzidine (Merck). Incubation with
primary antibodies were done at 4°C for overnight and that with secondary antibodies were done at room temperature for 1 h.
Histologic grade, estrogen receptor, progesterone receptor, and HER-2.
The histologic grade was determined with the Scarff-Bloom-Richardson
grading system (24). Estrogen receptor (ER) and progesterone receptor
(PR) were defined as positive, when ≥10% of the tumor cells were immunohistochemically stained positive (ER: clone 6F11; PR: clone 16;
Ventana Japan and SRL). HER-2 was determined by fluorescence in situ
hybridization using PathVysion HER-2 DNA Probe kits (SRL). When a
tumor contained more than two genes per cell, it was considered HER-2
positive.
Assessment of pathologic response. Pathologic response of breast cancers to neoadjuvant chemotherapy was assessed for all patients. Multiple slides prepared from the primary tumors were examined for
evaluation of chemotherapeutic effect according to the criteria specified

in the General Rules for Clinical and Pathological Recording of Breast
Cancer 2005 (25). In this study, pathologic complete response (pCR)
was defined as the absence of residual invasive components regardless
of the presence or absence of ductal carcinoma in situ components.
Colony formation assay. Colony formation assay of breast tumor
cells was carried out to investigate the relationship of CD44+/CD24or ALDH1 positive with colony formation ability in 27 primary invasive
breast cancers [stage 1 (n = 2), stage 2 (n = 23), and stage 3 (n = 2)] who
had not been treated with neoadjuvant chemotherapy using the collagen
gel droplet-embedded culture-drug sensitivity test kits (Nitta Gelatin;
refs. 26–28). ALDH1-positive tumors showed a significantly (P =
0.046) higher colony formation than ALDH1-negative tumors,
although there was no significant difference in colony formation
between CD44+/CD24- high and low tumors (Supplementary Fig. S2).
Statistical analyses. The SPSS software package version 12.1 was
used for all statistical analyses. Association of the immunohistochemical results of CD44/CD24 and ALDH1 with the various clinicopathologic parameters were evaluated by the Mann-Whitney U test or χ2
test. Changes in the immunohistochemical results of CD44/CD24
and ALDH1 before and after neoadjuvant chemotherapy were assessed
by the Wilcoxon signed-rank test and χ2 test, respectively. The relationship between pCR rates and various parameters was evaluated using a
logistic regression method. Statistical significance was assumed for P <
0.05.

Results
Double-fluorescence immunohistochemical staining of CD44
and CD24. We analyzed CD44+/CD24- tumor cells in human breast cancer tissues by the double-fluorescence immunohistochemical staining method. Representative results are
shown in Fig. 1A (CD44), Fig. 1B (CD24), and Fig. 1C
(CD44/CD24). CD44+ tumor cells and CD24+ tumor cells
were selected by WinROOF imaging software (Fig. 1D and E,
respectively), and CD44+/CD24- tumor cells (Fig. 1F) were determined by subtracting CD24+ cells (Fig. 1E) from CD44+ cells
(Fig. 1D). Finally, CD44+/CD24- tumor cell proportion (%) was
calculated in each tumor.

Fig. 1. Double-fluorescence
immunohistochemical identification
of CD44+/CD24- tumor cells. Breast
cancer tissue were subjected to
double-fluorescence
immunohistochemical determination of
CD44+/CD24- tumor cells. CD44+ tumor
cells were stained red (A) and CD24+
tumor cells were stained green (B).
Pictures A and B were merged into
picture C. For the calculation of
CD44+/CD24- tumor cell proportions in
breast cancer tissues, CD44+ tumor
cells and CD24+ tumor cells were
selected by WinROOF imaging
software. CD44+ tumor cells were
shown in pink (D), accounting for 75.8%
of all tumor cells, and CD24+ tumor
cells were shown in light blue (E),
accounting for 43.3% of all tumor cells.
Proportion (32.5%) of CD44+/CD24tumor cells (F) in all tumor cells was
then determined by subtracting CD24+
cells (E) from CD44+ cells (D).
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Fig. 2. Immunohistochemical
identification of ALDH1-positive
tumor cells. Representative results
of immunostaining of ALDH1 in
breast cancer tissues: (A) 3+ in tumor 1,
(B) 2+ in tumor 2, and (C) 1+ in
tumor 3. In tumor 4, besides
ALDH1 immunostaining (fuchsin:
red; D), CD68 immunostaining
(3,3′-diaminobenzidine: brown; E)
as well as ALDH1 and CD68 double
immunostaining (F) were done in
the adjacent sections.

Immunohistochemical staining of ALDH1. Representative results of immunohistochemical staining of ALDH1 in human
breast cancer tissues were shown in Fig. 2. By using the criteria
described by the report of Ginestier et al. (11), immunohistochemical staining of ALDH1 was classified into 3+ (≥50% positive tumor cells), 2+ (<50%, ≥10%), 1+ (<10%, ≥5%), and
negative (<5%) groups. For the subsequent analysis, tumors
showing 1+, 2+, and 3+ expression of ALDH1 were considered
to be ALDH1 positive.
Because macrophages were positive for ALDH1 and morphologically similar to tumor cells, special attention was paid not
to misinterpret macrophages as tumor cells positive for ALDH1.
For this reason, in some tumors where differentiation between
ALDH1-positive tumor cells and ALDH1-positive macrophages
was difficult, immunostaining of CD68 as well as double staining of ALDH1 (fuchsin: red) and CD68 (3,3′-diaminobenzidine: brown) was done for the adjacent sections. Results for a
representative tumor were shown in Fig. 2. In tumor 4 in Fig. 2,
tumor-like cells in the ductal lumen were positive for ALDH1
(Fig. 2D) but also for CD68 (Fig. 2E), and double staining confirmed that these tumor-like cells were positive for both ALDH1
and CD68 (Fig. 2F), indicating that they were actually ALDH1positive macrophages.
Relationship of CD44+/CD24- or ALDH1 positive with clinicopathologic features of breast tumors as well as response to neoadjuvant chemotherapy. As shown in Table 1, there was no
significant association of CD44+/CD24- tumor cell proportions
or of ALDH1-positive tumors with various clinicopathologic
features such as menopausal status, tumor size, histologic
grade, ER, PR, or HER-2. There was also no significant association between CD44 + /CD24 - tumor cell proportions and
ALDH1 status (Fig. 3B).

www.aacrjournals.org

The pCR was achieved by 30 (27.8%) of the 108 patients
treated with neoadjuvant chemotherapy. ALDH1-positive tumors were significantly associated with low pCR rates (P =
0.037; Fig. 4B), but there was no significant association between CD44+/CD24- tumor cell proportions and pCR rates
(Fig. 4A). Changes in the proportions of CD44+/CD24- tumor
cells or in grading of ALDH1-positive tumor cells before and
after neoadjuvant chemotherapy were examined in 78 patients
who did not achieve pCR (Fig. 4C and D). No significant
changes were observed in the proportion of CD44+/CD24- tumor cells before and after neoadjuvant chemotherapy (Fig. 4C).
On the other hand, the grade of ALDH1-positive tumor cells
after neoadjuvant chemotherapy significantly (P < 0.001) increased (Fig. 4D) in 9 patients (3 from 0 to 1+, 2 from 1+ to
2+, 2 from 1+ to 3+, and 2 from 2+ to 3+). A representative case
where ALDH1 expression increased from 1+ before neoadjuvant chemotherapy (Fig. 4D, a) to 2+ after neoadjuvant chemotherapy (Fig. 4D, b) was shown.
Relationship between various biological factors and pCR rates.
Association of various biological factors such as histologic
grade, ER, PR, HER-2, Ki-67, TOP2A, CD44 + /CD24 - , and
ALDH1 with pCR rates was also studied (Table 2). Univariate
analysis showed a significant association of ER, PR, HER-2,
Ki-67, TOP2A, and ALDH1 with pCR rates, and multivariate
analysis showed a significant association of ER, Ki-67, and
ALDH1 with pCR rates.

Discussion
Recent progress in cancer stem cell research has led to a
better understanding about the mechanism of resistance to
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nohistochemistry and found that CD44+/CD24- tumor cell
proportions were not significantly associated with the conventional clinicopathologic features such as menopausal status, tumor size, lymph node status, histologic grade, ER, PR,
or HER-2, which was also consistent with previously reported
results (10).
Because cancer stem cells are thought to be inherently resistant
to chemotherapy, CD44+/CD24- high tumors can be expected
to show a greater resistance to neoadjuvant chemotherapy than
CD44 +/CD24- low tumors. Our study, however, has shown
that there is no significant association between CD44+/CD24tumor cell proportions and pCR rates. Besides, CD44+/CD24tumor cell proportions have not shown a significant increase
after neoadjuvant chemotherapy, although chemotherapyresistant stem cells are expected to increase. These results seem
to suggest that stem cells identified by immunohistochemistry
of CD44+/CD24- may not play an important role in the resistance to chemotherapy in human breast cancer. However,

chemotherapy as well as to the development of more effective
chemotherapeutic regimens and new antitumor agents (29).
Although their number is very small, cancer stem cells are
thought to be inherently drug resistant, so that their eradication
is essential for long-term success in cancer treatment (30, 31).
An association between cancer stem cells and drug resistance in
breast cancer cell lines has been shown in vitro (15–17), but
such an association has not been shown yet clinically in human
breast cancers. In the current study, we therefore investigated
whether stem cells are associated with drug resistance in breast
cancer patients treated with neoadjuvant chemotherapy.
Al-Hajj et al. have shown that CD44+/CD24- tumor cells
were highly tumorigenic in immunodeficient mice and that
cancer stem cells in this population appeared to be enriched
(6). It therefore seemed to be of considerable interest to
identify the clinicopathologic characteristics of breast cancers
with a high proportion of CD44+CD24- tumor cells. We studied breast cancer tissues with the double-fluorescence immu-

Table 1. Relationship of CD44 + /CD24 - tumor cell proportions (%) or ALDH1-positive tumors with
clinicopathologic parameters
CD44+/CD24cell population (%)

n

Median (IQR)*
All breast carcinomas
Histologic type
Invasive lobular cancer
Invasive ductal cancer
Histologic grade
1
2
3
Tumor size (cm)
T1
T2
T3
T4
Lymph node metastasis
N (-)
N (+)
ER
+
PR
+
HER-2
+
Ki-67
<20%
≥20%
TOP2A
<20%
≥20%
Stage
II
III
IV

ALDH1
P†

108

Positive, n (%)

Negative, n (%)

21 (19)

87 (81)

0.020

P‡

0.360

11
97

10.4 (0.0-17.3)
23.8 (10.4-35.3)

1 (9)
20 (21)

10 (91)
77 (79)

11
76
21

24.5 (12.4-38.1)
22.4 (10.3-35.3)
18.4 (8.2-29.7)

0 (0)
15 (20)
6 (29)

11 (100)
61 (80)
15 (71)

6
59
30
13

23.8
25.3
18.1
23.8

30
78

24.5 (14.5-35.2)
20.5 (7.2-35.3)

38
70

25.2 (16.1-36.5)
19.7 (4.7-34.9)

59
49

21.7 (12.8-35.2)
21.1 (7.2-35.2)

82
26

23.8 (9.5-36.5)
19.2 (8.4-25.1)

62
46

22.4 (10.3-35.3)
22.4 (10.3-35.3)

59
49
59
45
4

0.151
0.878
0.292

0.145
(4.0-26.8)
(10.3-42.0)
(4.7-24.8)
(10.1-35.3)

0.496
0.470
1.000
0.276

1
7
9
4

(17)
(12)
(30)
(31)

5
52
21
9

(83)
(88)
(70)
(69)
0.124

3 (10)
18 (23)

27 (90)
60 (77)

10 (26)
11 (16)

28 (74)
59 (84)

12 (20)
9 (18)

47 (80)
40 (82)

17 (21)
4 (15)

65 (79)
22 (85)

9 (15)
12 (26)

53 (85)
34 (74)

21.1 (4.4-30.7)
25.3 (14.0-39.9)

7 (12)
14 (29)

52 (88)
35 (71)

26.4 (14.8-42.0)
17.7 (4.7-24.8)
9.6 (0.0-29.8)

7 (12)
13 (29)
1 (25)

52 (88)
32 (71)
3 (75)

0.120

0.184

0.610

0.797

0.253

0.548

0.295

0.148

0.037

0.029

0.090
0.002
0.142

*IQR, interquartile range (25%, 75%).
†
Mann-Whitney U test.
‡ 2
χ test.
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Fig. 3. Proportions of CD44+/CD24+
tumor cells in each tumor and their
relationship with ALDH1 status. Breast
cancers (n = 108) were classified into
the four categories: CD44+/CD24-, CD44+/
CD24+, CD44-/CD24+, and CD44-/CD24-.
Proportions (%) of tumor cells in each
category were plotted for each tumor
(A). Breast cancers (n = 108) were graded
by ALDH1 staining (0, 1+, 2+, and 3+),
and their relationship with CD44+/CD24tumor cell proportions (%) was shown
(B). P, Mann-Whitney U test. Bars,
median.

Li et al. recently reported that neoadjuvant chemotherapy increased the proportions of CD44+/CD24- tumor cells identified
by flow cytometry (32). The reason for this discrepancy has been
currently unknown, but it might be, at least in part, explained by
the difference in the method for determination of CD44+/CD24tumor cells, that is, immunohistochemical double staining versus flow cytometry as well as the difference in the regimens and
duration of neoadjuvant chemotherapy (paclitaxel followed by
5-fluorouracil 500 mg/m2, epirubicin 75 mg/m2, and cyclophosphamide 500 mg/m2 every 3 weeks for 24 weeks versus docetaxel
or doxorubicin/cyclophosphamide for 12 weeks).
Very recently, it was reported by Ginestier et al. that ALDH1
could function as a better marker of breast cancer stem cells
than CD44+/CD24- (11). We therefore also tried to clarify the
clinicopathologic characteristics of ALDH1-positive breast tumors but found that ALDH1 expression was not significantly
associated with any conventional clinicopathologic features.
On the other hand, a significant association was found between
ALDH1-positive breast tumors and resistance to neoadjuvant
chemotherapy, because pCR rates were significantly lower in
ALDH1-positive tumors (9.5%) than ALDH1-negative tumors
(32.2%). In addition, a significant increase in the proportion
of ALDH1-positive tumor cells was observed after neoadjuvant
chemotherapy. These results seem to indicate that ALDH1positive tumor cells play a significant role in resistance to
chemotherapy. Because Ginestier et al. have reported that
ALDH1 tumor cells are more tumorigenic than CD44+/CD24tumor cells (11), breast cancer stem cells are thought to be
richer in ALDH1-positive tumor cells than in CD44+/CD24- tumor cells. Consistently, we have also been able to show that
ALDH1 positive, but not CD44+/CD24-, is significantly associated with colony formation in the collagen gel.
It has been reported that the subset of ALDH1-positive and
CD44+/CD24- tumor cells contain the highest proportion of
breast cancer stem cells (11); thus, this subset is speculated to
be most resistant to chemotherapy. However, our present study
has shown that pCR rates in the ALDH1-positive and CD44+/
CD24- high subset (20%, 2 of 10) are not lowest among all the
subsets, that is, the ALDH1-positive and CD44+/CD24- low
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subset (0%, 0 of 11), the ALDH1-negative and CD44+/CD24high subset (34.1%, 15 of 44), and the ALDH1-negative and
CD44 + /CD24 - low subset (30.2%, 13 of 43). Addition of
CD44/CD24 status to ALDH1 status seems not to improve
the prediction of response to chemotherapy. These findings
taken together lead us to consider that ALDH1-positive tumor
cells are likely to serve as a better marker for breast cancer
stem cells than CD44+/CD24- tumor cells at least for the prediction of resistance to chemotherapy. We speculate that ALDH1positive tumors are resistant to chemotherapy, because such
tumors contain a higher proportion of cancer stem cells. It is
also possible, however, that ALDH1-positive tumor cells, irrespective of whether they are cancer stem cells or not, might be
involved in resistance to chemotherapy, because ALDH1 itself
has been shown to play a significant role in the resistance to
chemotherapy in hematopoietic cells (33). Development of a
highly specific marker for breast cancer stem cells, as well as
further clarification of a role of ALDH1 in resistance to chemotherapy in breast cancers, is needed to elucidate a genuine role
of breast cancer stem cells in resistance to chemotherapy.
Several biological factors, including ER, PR, HER-2, Ki-67,
and TOP2A, have been reported to be associated with pCR
rates after sequential taxane and anthracycline-based chemotherapy (34–38). In our study, we were able to obtain results
consistent with previously reported ones in that high pCR
rates were associated with negative ER, negative PR, positive
HER-2, high Ki-67, and high TOP2A. Interestingly, multivariate analysis including these factors as well as ALDH1 has
shown that three factors, ER, Ki-67, and ALDH1, are significant and mutually independent predictors of response to
chemotherapy. We therefore believe that response to sequential paclitaxel and epirubicin-based chemotherapy can be estimated more accurately by adding ALDH1 to ER and Ki-67.
The clinical significance of identification of these three markers for the prediction of response to sequential taxane and
anthracycline-based chemotherapy therefore seems to deserve
further investigation.
In conclusion, we were able to show that ALDH1 positive, but not CD44+/CD24-, was significantly associated with
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Fig. 4. Relationship of CD44+/CD24- or
ALDH1 positive with response to
neoadjuvant chemotherapy. CD44+/
CD24- tumor cell proportions (%) were
compared between tumors with pCR
and non-pCR (A). P, Mann-Whitney
U test. Bars, median. pCR rates were
compared between ALDH1-positive and
ALDH1-negative tumors (B). P, χ2 test.
Proportions of CD44+/CD24- tumor cells
(C) and ALDH1-positive tumor cells (D)
were compared before and after
neoadjuvant chemotherapy in 78
tumors not achieving pCR. P, Wilcoxon
signed-rank test. Representative results
of immunohistochemical staining of
ALDH1 before (D, a) and after (D, b)
neoadjuvant chemotherapy in the same
patient, indicating up-regulation from
ALDH1 1+ to 2+.

resistance to sequential paclitaxel and epirubicin-based
chemotherapy and that the expression of ALDH1 increased
after neoadjuvant chemotherapy, indicating that breast cancer stem cells identified by ALDH1 actually played a signif-

icant role in resistance to chemotherapy. This means that
ALDH1 positive seems to be a better marker than CD44+/
CD24- for the identification of breast cancer stem cells at least
for the prediction of resistance to chemotherapy. However,

Table 2. Univariate and multivariate analyses of various predictors of pCR
pCR rate (%)

Univariate analysis
Odds ratio

Histologic grade (3/1, 2)
ER (-/+)
PR (-/+)
HER-2 (+/-)
Ki-67 (≥20% vs <20%)
TOP2A (≥20% vs <20%)
ALDH1 (-/+)
CD44+/CD24- (high/low)*

38.1/25.3
50.0/15.7
37.3/16.3
46.1/22.0
45.7/14.5
38.8/18.6
32.2/9.5
31.5/24.1

1.818
5.362
3.047
3.048
4.944
2.763
4.508
1.449

Multivariate analysis
P

0.244
<0.001
0.018
0.019
<0.001
0.022
0.037
0.391

Odds ratio

5.987
0.567
2.479
3.522
1.329
8.584

P

0.022
0.477
0.114
0.042
0.638
0.011

*CD44+/CD24- high and low tumors were determined using a median value (21.6%) as the cutoff value.
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our observation needs to be confirmed by a future study
including a larger number of patients and different chemotherapeutic regimens.

Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.

References
1. Ward RJ, Dirks PB. Cancer stem cells: at the
headwaters of tumor development. Annu Rev
Pathol 2007;2:175–89.
2. Reya T, Morrison SJ, Clarke MF, Weissman IL.
Stem cells, cancer, and cancer stem cells. Nature
2001;414:105–11.
3. Molofsky AV, Pardal R, Morrison SJ. Diverse
mechanisms regulate stem cell self-renewal.
Curr Opin Cell Biol 2004;16:700–7.
4. Morrison SJ, Wandycz AM, Hemmati HD,
Wright DE, Weissman IL. Identification of a lineage of multipotent hematopoietic progenitors.
Development 1997;124:1929–39.
5. Lapidot T, Sirard C, Vormoor J, et al. A cell initiating human acute myeloid leukaemia after
transplantation into SCID mice. Nature 1994;
367:645–8.
6. Al-Hajj M, Wicha MS, Benito-Hernandez A,
Morrison SJ, Clarke MF. Prospective identification of tumorigenic breast cancer cells. Proc Natl
Acad Sci U S A 2003;100:3983–8.
7. Singh SK, Hawkins C, Clarke ID, et al. Identification of human brain tumour initiating cells. Nature 2004;432:396–401.
8. Kim CF, Jackson EL, Woolfenden AE, et al. Identification of bronchioalveolar stem cells in normal lung and lung cancer. Cell 2005;121:823–35.
9. O'Brien CA, Pollett A, Gallinger S, Dick JE. A human colon cancer cell capable of initiating tumour growth in immunodeficient mice. Nature
2007;445:106–10.
10. Abraham BK, Fritz P, McClellan M, Hauptvogel
P, Athelogou M, Brauch H. Prevalence of CD44+/
CD24-/low cells in breast cancer may not be associated with clinical outcome but may favor distant metastasis. Clin Cancer Res 2005;11:1154–9.
11. Ginestier C, Hur MH, Charafe-Jauffret E, et al.
ALDH1 is a marker of normal and malignant human mammary stem cells and a predictor of poor
clinical outcome. Cell Stem Cell 2007;1:555–67.
12. Chute JP, Muramoto GG, Whitesides J, et al.
Inhibition of aldehyde dehydrogenase and retinoid
signaling induces the expansion of human hematopoietic stem cells. Proc Natl Acad Sci U S A 2006;
103:11707–12.
13. Gillet JP, Efferth T, Remacle J. Chemotherapyinduced resistance by ATP-binding cassette
transporter genes. Biochim Biophys Acta 2007;
1775:237–62.
14. Raaijmakers MH. ATP-binding-cassette transporters in hematopoietic stem cells and their
utility as therapeutical targets in acute and
chronic myeloid leukemia. Leukemia 2007;21:
2094–102.
15. Liu G, Yuan X, Zeng Z, et al. Analysis of

www.aacrjournals.org

gene expression and chemoresistance of
CD133 + cancer stem cells in glioblastoma.
Mol Cancer 2006;5:67.
16. Ghods AJ, Irvin D, Liu G, et al. Spheres isolated from 9L gliosarcoma rat cell line possess chemoresistant and aggressive cancer stem-like
cells. Stem Cells 2007;25:1645–53.
17. Fillmore CM, Kuperwasser C. Human breast
cancer cell lines contain stem-like cells that
self-renew, give rise to phenotypically diverse
progeny and survive chemotherapy. Breast Cancer Res 2008;10:R25.
18. Haraguchi N, Utsunomiya T, Inoue H, et al.
Characterization of a side population of cancer
cells from human gastrointestinal system. Stem
Cells 2006;24:506–13.
19. Wang G, Achim CL, Hamilton RL, Wiley CA,
Soontornniyomkij V. Tyramide signal amplification method in multiple-label immunofluorescence confocal microscopy. Methods 1999;
18:459–64.
20. Hatanaka Y, Hashizume K, Nitta K, Kato T, Itoh
I, Tani Y. Cytometrical image analysis for immunohistochemical hormone receptor status in
breast carcinomas. Pathol Int 2003;53:693–9.
21. Miyoshi Y, Kurosumi M, Kurebayashi J, et al.
Low nuclear grade but not cell proliferation predictive of pathological complete response to
docetaxel in human breast cancers. J Cancer
Res Clin Oncol 2008;134:561–7.
22. Takahashi Y, Miyoshi Y, Morimoto K, Taguchi
T, Tamaki Y, Noguchi S. Low LATS2 mRNA level
can predict favorable response to epirubicin plus
cyclophosphamide, but not to docetaxel, in
breast cancers. J Cancer Res Clin Oncol 2007;
133:501–9.
23. Yamabuki T, Takano A, Hayama S, et al. Dikkopf-1 as a novel serologic and prognostic biomarker for lung and esophageal carcinomas.
Cancer Res 2007;67:2517–25.
24. Bloom HJ, Richardson WW. Histological grading and prognosis in breast cancer; a study of
1409 cases of which 359 have been followed
for 15 years. Br J Cancer 1957;11:359–77.
25. Sakamoto G, Inaji H, Akiyama F, et al. General
rules for clinical and pathological recording of
breast cancer 2005. Breast Cancer 2005;12
Suppl:S1–27.
26. Takamura Y, Kobayashi H, Taguchi T, Motomura
K, Inaji H, Noguchi S. Prediction of chemotherapeutic response by collagen gel droplet embedded culture-drug sensitivity test in human
breast cancers. Int J Cancer 2002;98:450–5.
27. Kobayashi H. Development of a new in vitro
chemosensitivity test using collagen gel droplet

4241

embedded culture and image analysis for clinical usefulness. Recent Results Cancer Res
2003;161:48–61.
28. Kobayashi H, Higashiyama M, Minamigawa K,
et al. Examination of in vitro chemosensitivity
test using collagen gel droplet culture method
with colorimetric endpoint quantification. Jpn J
Cancer Res 2001;92:203–10.
29. Wicha MS, Liu S, Dontu G. Cancer stem cells:
an old idea—a paradigm shift. Cancer Res 2006;
66:1883–90, discussion 95–6.
30. Song LL, Miele L. Cancer stem cells—an old
idea that's new again: implications for the diagnosis and treatment of breast cancer. Expert
Opin Biol Ther 2007;7:431–8.
31. Jordan CT, Guzman ML, Noble M. Cancer stem
cells. N Engl J Med 2006;355:1253–61.
32. Li X, Lewis MT, Huang J, et al. Intrinsic resistance of tumorigenic breast cancer cells to chemotherapy. J Natl Cancer Inst 2008;100:672–9.
33. Magni M, Shammah S, Schiro R, Mellado
W, Dalla-Favera R, Gianni AM. Induction of
cyclophosphamide-resistance by aldehyde-dehydrogenase gene transfer. Blood 1996;87:
1097–103.
34. Bear HD, Anderson S, Brown A, et al. The effect on tumor response of adding sequential preoperative docetaxel to preoperative doxorubicin
and cyclophosphamide: preliminary results from
National Surgical Adjuvant Breast and Bowel
Project Protocol B-27. J Clin Oncol 2003;21:
4165–74.
35. Colleoni M, Viale G, Zahrieh D, et al. Chemotherapy is more effective in patients with breast
cancer not expressing steroid hormone receptors: a study of preoperative treatment. Clin Cancer Res 2004;10:6622–8.
36. Estevez LG, Cuevas JM, Anton A, et al. Weekly
docetaxel as neoadjuvant chemotherapy for stage
II and III breast cancer: efficacy and correlation
with biological markers in a phase II, multicenter
study. Clin Cancer Res 2003;9:686–92.
37. Stearns V, Singh B, Tsangaris T, et al. A prospective randomized pilot study to evaluate predictors of response in serial core biopsies to
single agent neoadjuvant doxorubicin or paclitaxel for patients with locally advanced breast
cancer. Clin Cancer Res 2003;9:124–33.
38. Rody A, Karn T, Gatje R, et al. Gene expression
profiling of breast cancer patients treated with
docetaxel, doxorubicin, and cyclophosphamide
within the GEPARTRIO trial: HER-2, but not topoisomerase IIα and microtubule-associated
protein τ, is highly predictive of tumor response.
Breast 2007;16:86–93.

Clin Cancer Res 2009;15(12) June 15, 2009

Downloaded from clincancerres.aacrjournals.org on April 19, 2017. © 2009 American Association for Cancer
Research.

Association of Breast Cancer Stem Cells Identified by
Aldehyde Dehydrogenase 1 Expression with Resistance to
Sequential Paclitaxel and Epirubicin-Based Chemotherapy
for Breast Cancers
Tomonori Tanei, Koji Morimoto, Kenzo Shimazu, et al.
Clin Cancer Res 2009;15:4234-4241.

Updated version
Supplementary
Material

Cited articles
Citing articles

E-mail alerts
Reprints and
Subscriptions
Permissions

Access the most recent version of this article at:
http://clincancerres.aacrjournals.org/content/15/12/4234
Access the most recent supplemental material at:
http://clincancerres.aacrjournals.org/content/suppl/2009/06/15/1078-0432.CCR-08-1479.DC1

This article cites 38 articles, 12 of which you can access for free at:
http://clincancerres.aacrjournals.org/content/15/12/4234.full.html#ref-list-1
This article has been cited by 40 HighWire-hosted articles. Access the articles at:
/content/15/12/4234.full.html#related-urls

Sign up to receive free email-alerts related to this article or journal.
To order reprints of this article or to subscribe to the journal, contact the AACR Publications
Department at pubs@aacr.org.
To request permission to re-use all or part of this article, contact the AACR Publications
Department at permissions@aacr.org.

Downloaded from clincancerres.aacrjournals.org on April 19, 2017. © 2009 American Association for Cancer
Research.

