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 We examined the expression in breast cancer stem cells (BCSCs) of
 Globo H, a potential tumor-associated antigen for immunotherapy
 of epithelial cancers including breast cancer. Flow cytometry re
 vealed Globo H expression in 25/41 breast cancer specimens
 (61.0%). Non-BCSCs from 25/25 and BCSCs from 8/40 (20%) ex
 pressed Globo H. We showed the expression of stage-specific
 embryonic antigen 3 (SSEA3), the pentasaccharide precursor of
 Globo Hf in 31/40 (77.5%) tumors. Non-BCSCs from 29/31 and
 BCSCs from 25/40 (62.5%) expressed SSEA3. Like Globo H, SSEA3
 expression in normal tissues was predominately at the secretory
 borders of epithelium, where access to the immune system is
 restricted. Immunization of mice with Globo H-KLH and a-GalCer

 induced antibodies reactive with Globo H and SSEA3, suggesting
 that a Globo H-based vaccine will target tumor cells expressing
 Globo H or SSEA3. We next sought to reduce Globo H expression
 by siRNA targeting fucosyltransferase (FUT) 1 and 2, which mediate
 alpha-1,2 linkage of fucose to SSEA3 to generate Globo H. We
 showed both genes to be involved in the biosynthesis of Globo H.
 Moreover, FUT2 expression in BCSCs was significantly lower than
 in non-BCSCs harvested from a primary human breast cancer in
 NOD/SCID mouse, whereas FUT1 was slightly lower in BCSCs. Thus,
 the lower expression of Globo H in BCSCs may be attributed to less
 FUT2/FUT1, and to reduced SSEA3 in BCSCs compared with non
 BCSCs. Our findings provide insight into further development of a
 Globo H-based vaccine and FUT1/FUT2-targeted therapy for breast
 cancer.

 Stem cells are defined as a group of cells with the capacity for self-renewal and for differentiation into different types of
 cells and tissues (1). As both malignant tumors and normal
 tissues contain heterogeneous populations of cells, the existence
 of cancer stem cells that might play a key role in tumor growth
 and maintaining tumor heterogeneity has been proposed (2).

 After the initial discovery of leukemia stem cells in 1997 by
 Bonnet et al (3), cancer stem cells have been identified from a
 variety of solid tumors, such as brain, breast, colon, and prostate
 cancers (4-7). Breast cancer stem cells (BCSCs) were first shown
 to reside in the CD24~CD44+ subpopulation of breast cancer by

 Al-Hajj et al (4), based on their ability to generate tumors with
 phenotypic diversity on xenotransplantation into NOD/SCID
 mice (4). These CD24CD44+ BCSCs were noted to be more
 resistant to radiation than non-BCSCs (8). Furthermore, the

 majority of early disseminated cancer cells in the bone marrow
 of breast cancer patients displayed the phenotype of
 CD24CD44+ (9), suggesting that BCSCs were capable of
 metastasis. Based on their capability for growth, differentiation,
 and metastasis and their resistance to radiation, BCSCs have
 now become the hotly pursued target for therapy of breast cancer
 (10, 11).

 To design therapy against cancer stem cells, it will be desirable
 to seek molecular targets of cancer stem cells that are absent
 from normal cells. One of such potential targets is Globo H, a
 hexasaccharide (Fuco: l-*2Galj31^3GalNAc ?l^3Gala

 1^4Gal?l^4Glc?l), which was isolated from the human breast
 cancer cell line MCF-7 (12, 13). Globo H is overexpressed on a
 variety of epithelial cell tumors such as colon, ovarian, gastric,
 pancreatic, lung, prostate, and breast cancers, with the use of
 anti-Globo H monoclonal antibodies MBrl (12-14) or VK-9
 (15). Immunohistochemical staining of small cell lung carcino

 mas (SCLC) with MBrl revealed that patients with Globo
 H-positive tumors showed a shorter survival in comparison to
 patients with Globo H-negative tumors. Furthermore, primary
 SCLC tumors showed less reactivity with MBrl than local or
 distant metastatic lesions (16). In breast cancer, Globo H
 expression was observed in >60% of duct al, lobular, and tubular
 carcinoma, but not in nonepithelial breast tumors (17). Globo H
 is not expressed in normal tissue except for weak expression in
 the apical epithelial cells at lumen borders, a site that appears to
 be inaccessible to the immune system (17-19). Thus, Globo H
 has been considered as an ideal target for immunotherapy of
 many epithelial cancers and indeed two phase I trials of a Globo
 H-based vaccine in breast and prostate cancer, respectively, have
 shown promising results (20, 21). With the recent revelation of
 cancer stem cells in breast cancer, it becomes important to
 address the issue of whether Globo H-based therapy will target
 BCSCs or not.

 In addition to the vaccine strategy, Globo H-targeted therapy
 may be achieved by targeting the enzymes involved in its
 biosynthesis. The exact gene(s) involved in the biosynthesis of
 Globo H remains to be elucidated. Among the 13 human fucosyl
 transferase genes cloned, FUT? (22) and FUT2 (23) have been
 shown to be responsible for the a 1,2- linkage of fucose. Using
 synthetic acceptors and purified enzyme fractions from a pros
 tate cancer cell line (24), Matta et al. demonstrated that Globo

 H was generated by adding fucose to the terminal galactose
 moiety of Gal?l, 3GalNAc?l, 3Gala, which was catalyzed by the
 fractions containing cd, 2-fucosyltransferase (FUT) activity.
 However, it remains unclear whether FUT? or FUT2 or both
 enzymes are involved in the synthesis of Globo H and whether
 they are expressed by the BCSCs.

 In the present study, we compared the expression of Globo H
 and its precursor molecule, SSEA3, in BCSCs and non-BCSCs .

 We further investigated the involvement of FUT? and FUT2 in
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 Table 1. A comparison of Globo H and SSEA3 expression in
 BCSCs and non-BCSCs

 Positive
 Glycan and No. of _
 population patients No. Range* % of total
 Globo H

 Entire 41 25 14.3-75.2 61.0
 Non-BCSCs 41 25 24.4-79.2 61.0

 BCSCs 40+ 8 9.7-71.0 20.0
 SSEA3*
 Entire 40 31 5.9-66.4 77.5
 Non-BCSCs 40 29 24.3-70.4 77.5

 BCSCs 40 25 5.0-58.4 62.5

 Globo H or SSEA3 expression was determined by flow cytometry as described
 in Materials and Methods. BCSCs were defined as CD45_CD24~CD44+ cells, and
 non-BCSCs were defined as the remaining populations of CD45~ cells.
 *Range was calculated as percentage of positive cells in total cells.
 +Tumor cells from one of the 41 patients showed an absence of CD24~CD44+
 subpopulation.
 *Among the 53 tumor samples, 28 were examined for the expression of both
 Globo H and SSEA3, 13 were tested for Globo H only, and the remaining 12
 were tested for SSEA3 only.

 the biosynthesis of Globo H. The findings provide insight into
 Globo H-targeted therapy for breast cancer.

 Results
 Globo H Is Expressed in BCSCs, but at Lower Frequency than in
 Non-BCSCs. The clinical characteristics of 53 patients with breast
 cancer are summarized in supporting information (SI) Table SI.
 The median age was 48 years (ranging from 31 to 81 years). They
 consisted of 17 stage I, 26 stage II, 8 stage III, and 1 unknown
 stage. A majority of the tumor specimens included in our study
 had the pathology of infiltrating ductal carcinoma (77.3%), with
 56.6% positive for ER and 49.1% positive for HER-2 (Table SI).
 Primary tumor cells isolated from 41 of 53 enrolled patients by
 enzymatic digestion were stained with specific antibodies to
 CD45, CD24, CD44, and Globo H, and CD45+ cells were first
 gated out to eliminate the leukocytes. Overall, Globo H was
 detected in 25/41 (61.0%) of the tumors (Table 1), and there was
 no significant correlation between expression level of Globo H
 on tumors and various clinicopathological factors, such as stage
 (P = 0.3498), ER (P = 0.075), or HER-2 (P = 0.6468) (Table SI).
 To compare the Globo H expression between BCSCs and
 non-BCSCs, we further separated CD45" tumor cells into
 BCSCs and non-BCSCs based on their expressions of surface
 markers. The BCSCs were identified as CD45/CD24/CD44+
 cells; the rest of the CD45" population were considered as
 non-BCSCs. The expression of Globo H within each of these two
 gated populations varied among tumor samples. For example,
 tumor from patient BC0145 contained 17.1% BCSCs that were
 negative for Globo H, whereas 43.8% of the non-BCSCs ex
 pressed Globo H. In patient BC0240, Globo H expression was
 detected in 66.4% of non-BCSCs and 23% of BCSCs (Fig. SL4).
 Using this approach, we evaluated the expression of Globo H on
 BCSCs and non-BCSCs in 41 tumor specimens. As summarized
 in Table 1, among the 25/41 (61.0%) samples expressing Globo

 H, the percentage of positive cells ranged from 14.3% to 75.2%.
 Importantly, the non-BCSCs isolated from these 25 tumors all
 expressed Globo H, with the percentage of positive cells ranging
 from 24.4% to 79.2%. In comparison, BCSCs from 8 of 40
 (20.0%) tumors showed positive staining for Globo H, with the
 percentage of positive cells ranging from 9.7% to 71.0%. A
 comparison of the extent of Globo H expression in BCSCs and
 non-BCSCs in these 8 cases revealed that the percentage of
 Globo H-positive cells in 7 of 8 BCSCs was lower than that of
 non-BCSCs (Table S2). Furthermore, the mean fluorescence

 Table 2. SSEA3 expression in Globo H-negative and Globo
 H-positive specimens

 Frequency of SSEA3 expression in breast cancer

 Total population Non-BCSCs BCSCs
 Globo H" 63.6% (7/11) 54.5% (6/11) 45.5% (5/11)
 Globo H+ 94.1% (16/17) 94.1% (16/17) Globo H" Globo H+

 58.3% (7/12) 100% (5/5)

 Globo H and SSE A3 expression was determined by flow cytometry as described
 in Materials and Methods. BCSCs were defined as CD45~CD24~CD44+ cells, and
 non-BCSCs were defined as the remaining population of CD45- cells.

 intensity (MFI) of positive cells in 7 of 8 Globo H-positive
 BCSCs (MFI 6.3-45.9) was also lower than that of non-BCSCs
 (MFI 11.9-107.9). Taken together, these results indicate that
 BCSCs express Globo H, albeit at a lower level and frequency
 than non-BCSCs.

 Higher Frequency of SSEA3 Expression than Globo H Expression in
 Breast Cancer and BCSCs. We next examined the expression of
 SSEA3, which is the pentasaccharide precursor of Globo H, in
 40 of 53 cases. Flow cytometric analysis revealed variable
 expression among different tumor specimens, as well as between
 BCSCs and non-BCSCs of each tumor. For instance, BCSCs of
 patient BC0264, which accounted for 5.7% of the total isolated
 tumor cells, were negative for SSEA3, whereas 70.4% of the
 non-BCSCs expressed SSEA3. For patient BC0266, SSEA3
 expression was detected in 60.1% of non-BCSCs and 50.3% of
 BCSCs (Fig. SIB). Altogether, SSEA3 was detected in 31 of 40
 (77.5%) breast cancer specimens tested, with the percentage of
 positive cells ranging from 5.9% to 66.4% (Table 1). The
 expression of SSEA3 was noted in 16 of 17 Globo H-positive
 tumors and 7 of 11 Globo H-negative tumors (Table 2). There

 was a significant positive correlation between the expression of
 SSEA3 and Globo H in these 28 cases based on Pearson
 correlation coefficient analysis (Fig. S2) (r = 0.4917 and P =
 0.0079). Subpopulation analysis revealed that SSEA3 was de
 tected in 29 non-BCSCs from all 31 SSEA3-expressing tumors,

 with the percentage of positive cells ranging from 24.3% to
 70.4%. SSEA3 was present in BCSCs from 25 of 40 (62.5%)
 tumors tested, with the percentage of positive cells ranging from
 5.0% to 58.4% (Table 2). Within the BCSC subpopulation,
 SSEA3 expression was noted in 7 of 11 (63.6%) Globo H
 negative tumors and 16 of 17 (94.1%) Globo H-positive tumors.
 The latter included all 5 tumors that expressed Globo H in
 BCSCs and 7 of 12 (58.3%) tumors that did not (Table 2). These
 results document that SSEA3 was expressed in breast cancer as

 well as breast cancer stem cells, and that its expression was more
 prevalent than Globo H (77.5% for SSEA3 and 61.0% for Globo
 H). BCSCs also expressed SSEA3 at higher frequency than
 Globo H (62.5% for SSEA3 and 20.0% for Globo H), although
 both were expressed to a lesser extent compared to their
 expression in non-BCSCs. Moreover, the lower frequency of
 SSEA3 expression in BCSCs may have accounted for the lack of
 Globo H expression in Globo H-negative cases or the absence of
 Globo H on BCSCs in Globo H-positive cases.

 SSEA3 Expression in Normal Tissues. Globo H expression has been
 reported to be restricted to the luminal surface of glandular
 tissues, such as lung, breast, or prostate (19), but information
 about the distribution of SSEA3 in normal tissues is limited to
 a report of SSEA3 being present in the extract of normal kidney
 tissue (25). Using tissue microarray, we analyzed the SSEA3 or

 Globo H expression among 20 different organs. Globo H was
 expressed on the epithelial cells of several glandular tissues, such
 as breast, gastrointestinal tract, pancreas, prostate, and uterine

 11668 I www.pnas.org/cgi/doi/10.1073/pnas.0804979105 Chang et a/.
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 Table 3. Expression of Globo H and SSEA3 in normal tissues

 Antigen

 Normal tissue Globo H SSEA3

 Brain 0/5 0/5
 Bone 0/5 0/5

 Lymph node 0/5 0/5
 E C E C

 Breast 1/5 0/5 0/5 0/5
 Colon* 1/4 0/4 2/4 0/4
 Esophagus 5/5 0/5 2/5 0/5
 Small intestine 3/5 0/5 2/5 0/5
 Kidney 0/5 0/5 2/5 0/5
 Liver 0/5 0/5 0/5 0/5
 Lung 0/5 0/5 0/5 0/5
 Ovary 0/5 0/5 0/5 0/5
 Pancreas 0/5 0/5 0/5 0/5
 Prostate 5/5 0/5 3/5 0/5
 Rectum 1/5 0/5 1/5 0/5
 Skin 0/5 0/5 4/5 0/5
 Spleen 0/5 0/5 0/5 0/5
 Stomach 0/5 0/5 0/5 0/5
 Testis 1/5 0/5 2/5 0/5
 Thymus gland 0/5 0/5 3/5 0/5
 Uterine cervix 0/5 0/5 1/5 0/5

 1/5 0/5 3/5 0/5

 Globo H and SSEA3 expression was detected by immunohisto-chemical
 staining of tissue array as described in Materialsand Methods. E, epithelial; C,
 connective tissues.
 *One of five colon tissue spots was lost during the dewaxing step.

 cervix (Table 3), and the positive staining of Globo H was
 restricted to apical portion of epithelial cells (Fig. S3). These
 findings were consistent with those of a previous report (14). The
 distribution of SSEA3 was similar to that of Globo H except for
 its absence in normal breast tissues but presence in kidney,
 rectum, testis, and thymus, which were negative for Globo H
 (Table 3). Similar to Globo H, SSEA3 expression was confined
 mainly to the cytoplasm or apical surface of epithelial cells (Fig.
 S3), which were essentially inaccessible to the immune system.

 Globo H Vaccine Induces Antibodies Against Both Globo H and SSEA3.
 A synthetic Globo H-KLH conjugate has been used as a
 therapeutic vaccine for breast cancer and prostate cancer in two
 phase I trials and has been shown to provoke antibody responses
 to Globo H (20, 21) with little toxicity. In view of our demon
 stration of SSEA3 expression in breast cancer and its restricted
 distribution in normal tissues, SSEA3 may also serve as an ideal
 target for immunotherapy. We thus investigated the possible
 induction of anti-SSEA3 antibody on immunization with Globo
 H-KLH (see SI). Sera from immunized mice were collected at
 Day 10 after last immunization and were assayed for anti-Globo
 H and anti-SSEA3 reactivities by glycochip. A low level of
 anti-Globo H-specific IgG antibody was detected in Globo
 H-KLH-treated mice (Fig. 1). On the addition of a-galactosyl
 ceramide (a-GalCer) as an adjuvant, there was a dramatic
 increase in the anti-Globo H level. Moreover, sera from these
 mice harbored significant amounts of anti-SSEA3 antibodies
 (Fig. 1). These findings indicated that Globo H-KLH in combi
 nation with a-GalCer is an effective vaccine for inducing both
 anti-Globo H and anti-SSEA3 antibodies.

 Both FUT1 and FUT2 Are Involved in the Biosynthesis of Globo H in
 Breast Cancer Cell Lines. In addition to vaccine, Globo H-targeted
 therapy may also be achieved by targeting the enzymes involved
 in its biosynthesis. Globo H is a glycolipid with al,2-linked

 80000

 GH-KLH  GH-KLH + a-GalCer

 Fig. 1. Production of anti-Globo H and anti-SSEA3 by Globo H-KLH vaccine.
 Mice were immunized s.c. with 0.6 ??g Globo H-KLH with or without 2 p,g
 a-GalCer, weekly for 3 weeks. The mouse sera were obtained at Day 10 after
 the third immunization, and anti-Globo H (GH) or anti-SSEA3 antibody was
 detected with glycochip assay as described in SI Materials and Methods.

 fucose as its terminal sugar, and FUT? and FUT2 are the only
 FUTs currently known to be responsible for attaching the
 terminal fucose via a al,2 linkage. Although al,2-FUTs are
 critical for the biosynthesis of the Lewis antigen, the exact
 contributions of FUT? and FUT2 to Globo H biosynthetic
 process have yet to be delineated. We thus examined the
 expression of FUT? and FUT2 in various Globo H-expressing
 breast cancer cell lines. The human breast cancer cell line MCF-7
 has been shown to highly express the Globo H antigen (91.7%)
 and was used here as a positive control. Two other breast cancer
 cell lines MB157 and T-47D were found to stain positively for
 Globo-H in 94.2% and 77.7% of the cells, respectively, although
 the fluorescent intensity of T047D was considerably weaker (Fig.
 S4B). Next, the level of FUT? and FUT2 mRNA expressions in
 all three cell lines was determined by qRT-PCR. The ACt value
 of FUT? in MCF-7 was used to normalize the ACt value of the
 target gene in each cell line. No significant difference in the
 transcription of FUT? was found among these three cell lines
 (Fig. S4A). However, the levels of FUT2 expression were barely
 detectable in MCF-7 and MB157 cells, as reflected by their high
 Ct values (37-38) (data not shown), suggesting that FUT? was
 responsible for Globo H biosynthesis in these two cell lines. As
 for the T47D cell line, FUT2 expression was >6,000-fold greater
 than in the other two cell lines (Fig. S4^4), although its Globo H
 expression was weaker. It is noteworthy that these three breast
 cancer cell lines displayed a similarly high level of SSEA3 (data
 not shown). The differential expression of FUT?, FUT2 mRNA,
 and Globo H with similar expression of SSEA3 suggests that both
 FUT? and FUT2 might be involved in the generation of Globo
 H. We next investigated the individual contribution of FUT? and
 FUT2 to Globo H biosynthesis, using the siRNA technology to
 specifically knock down the FUT? or FUT2. MB157 cells that
 expressed only FUT? were infected with lentiviral vectors en
 coding the siFUTl construct and examined for any alterations in
 Globo H expression on the cell surface by flow cytometry.
 Delivery of lentiviral vectors encoding the siFUTl construct into
 MB-157 cells resulted in a decrease in FUT? expression to 25%
 of cells infected with control vector (Fig. 24). After siRNA
 silencing of the FUT? gene in MB-157 cells, the expression of
 Globo H antigen declined from 89.2 to 78.3% of cells, along with
 a 70% decrease in MFI (Fig. 2B). These findings suggest that
 FUT? is involved in the generation of Globo H in MB157 breast
 cancer cells. The high level of FUT2 mRNA expression in T-47D
 cells, which stained positively for Globo H, suggests that FUT2
 is also involved in the biosynthesis of Globo H in breast cancer
 cells. Transfection of T-47D cells with siFUT2 or siFUTl resulted
 in 70% or 75% inhibition of FUT2 or FUT? mRNA expression,
 respectively (Fig. 3A). It was noteworthy that silencing of FUT2
 led to a decrease of Globo H antigen expression from 72.9% to
 60% of cells, with 30% reduction in MFI (P = 0.01). However,
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 Fig. 2. siRNA-induced knockdown of the FUT1 gene resulted in diminished
 expression of Globo H antigen in MB157 cells. Knockdown of FUT? by siRNA
 was used to examine the involvement of FUT1 in Globo H biosynthesis. (A) The
 efficiency of s\FUT1 in MB157 cells was evaluated by qRT-PCR analysis. Total RNA
 was extracted 72 h after infection with control lentivirus (control) or s\FUT1
 encoding vector (s\FUT1). The level of FUT? mRNA expressions was determined
 and plotted as fold-change relative to the control. (B) (Left) Globo H expression
 was determined by flow cytometry with the AlexaFluor488-VK-9 antibodies.
 (Right) The fold-change in MFI of Globo H relative to the control. AlexaFluor488
 conjugated-mlgG3 was used as the isotype control in all experiments.

 FUT? silencing did not significantly affect the percentage or MFI
 of Globo H expression in T-47D cells (Fig. 3B). These findings
 suggest that FUT2 is also involved in Globo H antigen biosyn

 m control ?IFUT1 ?IFUT2

 Fig. 3. Silencing of FUT2 but not FUT1 mRNA in T-47D cells reduced the level of
 Globo H expression. Knockdown of FUT1 or FUT2 by siRNA was used to examine
 the involvement of these two FUTs in Globo H biosynthesis. (A) The efficiency of
 s\FUT1 and s\FUT2 in T-47D cells was evaluated by qRT-PCR analysis. Total RNA was
 extracted 72 h after infection with control lentivirus (control), s\FUTl-encoding
 vector (s\FUT1), or siFC/72-encoding vector (s\FUT2). The levels of FUT? and FUT2
 mRNA expressions were determined and plotted as fold-change relative to the
 control. Infection of cells with s\FUTl lentivirus did not affect FUT2 expression, nor
 did s\FUT2 alter FUT1 expression. (B) Left. Alteration in the expression of Globo H
 antigen was examined by flow cytometry with the AlexaFluor488-VK-9 antibod
 ies. Right The fold-change in MFI of Globo H relative to the control. Alex
 aFluor488-conjugated-mlgG3 was used as the isotype control in all experiments.
 P value was calculated by using the student ttest.

 Alexa488-VK-9

 non-BCSC  BCSC

 Fig. 4. BCSCs express lower level of FUT2 relative to non-BCSCs. Total RNA was
 extracted from BCSCs and non-BCSCs isolated from the engrafted tumors and
 reverse-transcribed to cDNA. Expressions of FUT1 and FUT2 were determined by
 q-PCR. Levels of FUT1 and FUT2 mRNA in BCSCs were then normalized to that of
 the corresponding mRNA in non-BCSCs.

 thesis in generating the terminal Fuca (1, 2)-Gal?- epitope in
 breast cancer cells.

 Expression of FUT2 Was Lower in BCSCs. Our findings thus far
 revealed that both FUT? and FUT2 may participate in the
 biosynthesis of Globo H antigen in human breast cancer cell
 lines. We next explored the issue of whether the reduced
 expression of Globo H in BCSCs is attributable to differential
 expressions of FUT? or FUT2 in BCSCs and non-BCSCs. Such
 analysis is logistically difficult, if not impossible, given the limited
 size of freshly removed primary tumors available for research.

 We therefore attempted to engraft human primary breast cancer
 cells obtained from patients into NOD/SCID mice by injecting
 primary tumor cells into their mammary fat pads (see SI
 Materials and Methods). Primary tumor cells obtained from
 patient BC0145 were successfully engrafted in NOD/SCID mice
 and maintained by serial passages (Fig. S5v4). Similar to the
 primary tumor cells of BC0145 (Fig. S1A), tumor cells derived
 from the xenografts also contained CD24"/CD44+ cells (Fig.
 S5B). The engrafted tumors displayed a similar histopathological
 profile as the parental tumors, as well as immunohistochemical
 staining for the expressions of ER, PR, and HER2 (Fig. S5C).
 After the tumor cells were harvested from the NOD/SCID mice,
 the cells of murine origin were depleted by gating out the H2Kd+
 cells with anti-H2Kd antibody, and only those of human origins
 (negative for the murine MHC molecule H2Kd) were separated
 into BCSCs (H2Kd/CD24/CD44+) and non-BCSCs by cell
 sorter. As determined by qRT-PCR, the expression of FUT2 in
 BCSCs was only 28% of that in the non-BCSCs, whereas the level
 of FUT? expression BCSC population was slightly lower (76% of
 the non-BCSC) (Fig. 4). These findings suggest that decreased
 expressions of FUT?, and particularly FUT2, may have contrib
 uted to the lack of Globo H expression on BCSCs of BC0145
 tumor (Fig. S1A).

 Discussion
 In the present study, we evaluated the expression of the Globo

 H antigens on 41 primary human breast cancer specimens and
 the CD24/CD44+ subpopulation containing BCSCs by flow
 cytometric analysis. We showed that Globo H was expressed in
 ^=60% of tumor samples, with less frequent and lower level of
 expression in the BCSC subpopulation as compared to non
 BCSCs. The overall expression of SSEA3, the precursor of
 Globo H, was higher (^80%) than Globo H in breast cancer, and
 it was much more frequently detected on BCSCs (62.5%) when
 compared with Globo H. These results demonstrate SSEA3
 expression in breast cancer, and a differential expression of
 Globo H and SSEA3 between BCSCs and non-BCSCs.

 11670 I www.pnas.org/cgi/doi/10.1073/pnas.0804979105 Chang et al.
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 We also explored the relationship between Globo H expres
 sion and various clinicopathologic factors and found no statis
 tically significant correlation. These findings are consistent with
 the results of previous studies that used immunohistochemical
 staining of tumor tissues (17,18). Nevertheless, there appears to
 be a trend for higher expression of Globo H in ER-positive breast
 cancer (Table S2), although the correlation was not statistically
 significant (P = 0.075). This tendency for a correlation of Globo

 H expression with ER positivity in our study was consistent with
 the previous report by Perrone et al (P = 0.06) (18).

 SSEA3, which is also referred to as Gb5 or globopentaosyl
 ceramide, has been reported to be expressed in normal kidney
 (25) and the ascites fluids from patients of hepatoma or pan
 creatic cancer (26), but its distribution among other normal
 organs or in breast cancer has not been investigated. Using
 immunohistochemical staining of 20 different normal organs and
 flow cytometric analysis of 40 primary breast cancer cells, we
 demonstrated the expression of SSEA3 in breast cancer, includ
 ing BCSCs and various normal tissues, in addition to kidney.
 Furthermore, the expression of SSEA3 was mostly restricted to
 the cytoplasm or apical surface of epithelial cells, similar to that
 of Globo H. In light of the confined distribution of SSEA3 to
 largely immune system-inaccessible sites in normal tissues and
 the prevalence of SSEA3 expression in breast cancer (77.5%)
 and BCSCs (62.5%), SSEA3 may serve as another potential
 candidate for a carbohydrate-based breast cancer vaccine.
 A Globo H-KLH conjugate has been used as a therapeutic

 vaccine for breast cancer in a phase I clinical trial with promising
 results (20). A recent report showed that polyclonal antibodies
 responses of globo series glycans, such as Globo H, SSEA3
 (pentasaccharide), and trisaccharide, were observed in the se
 rum of breast cancer patients (28), suggesting that a Globo H
 vaccine might also induce the production of the antibodies
 reactive with oligosaccharides other than Globo H. We exam
 ined this in an animal study, in which immunization of mice with

 Globo H-KLH and a-GalCer as an adjuvant led to the induction
 of both anti-SSEA3 and anti-Globo H antibodies (Fig. 1). Study
 results also demonstrated that NKT-stimulatory glycolipids such
 as a-GalCer (29, 30) may serve as an effective adjuvant for
 carbohydrate antigen. Taken together, our findings of expression
 of Globo H and SSEA3 in BCSCs and the ability of a Globo H
 vaccine to generate polyclonal antibodies reactive with both
 Globo H and SSEA3 suggest that Globo H vaccine may have
 promising therapeutic potential for breast cancer.

 Fucose is often a terminal sugar in glycans that participate in
 important cell-cell interactions and cell migration processes in
 connection with physiological and pathological processes such as
 fertilization, embryogenesis, lymphocyte trafficking, immune
 responses, and cancer metastasis (31, 32). However, the exact
 molecules modified by FUTs and their involvement in the
 above-mentioned complex cellular processes remain enigmatic.
 The FUT? and FUT2 genes each encodes an cd, 2-FUT that
 transfers fucose via an a 1,2 linkage from GDP-fucose to galac
 tose. In humans, FUT? functions together with FUT2 in synthe
 sizing the H-antigen, and the secretor status is determined by
 FUT2. Whereas FUT? is expressed on erythrocyte membrane
 and vascular endothelium (33), Fl7T2 is mainly expressed in the
 mucosal epithelium of buccal, gastrointestinal, respiratory tract,
 breast, and genitourinary tract, as well as in body fluids (34).
 Despite the fact that two cd,2-fucosyltransferases share a high
 degree of sequence homology, their specificities were different;
 the former prefers Type I (Gal/31,3GlcNAc) and Type II
 (Gal?l,4GlcNAc) acceptors, the latter is more active on Type I
 and Type III (Galj31,3GalNAc) (35, 36). By means of a specific
 acceptor for measuring activity of cd, 2-FUTs, human LNCaP
 cells, which are of the prostate cancer origin, and MCF-7 cells
 have been reported to express exclusive cd, 2-FUT activity. By
 partial purification of cd, 2-FUTs from LNCaP cells and enzy

 matic transfer of [14C] fucose to Globo H backbone acceptor, it
 has been shown that the enzymatic activity of cd, 2-FUTs is
 responsible for Globo H synthesis (24). However, it was unclear
 whether the FUT? or FUT2 gene is responsible for the biosyn
 thesis of Globo H, although the preference of FUT2 for Type III
 acceptors implies that this enzyme may be responsible for the
 biosynthesis of Globo H (12). In the present study, using
 lentiviral delivery of siRNA targeting either FUT? or FUT2 in
 human breast cancer cell lines, we have demonstrated for the
 first time that both FUT? and FUT2 participate in the making of
 Globo H antigen and that the relative contribution of each
 depended on the individual cell lines. We found that MB157 and
 MCF-7, which did not have detectable FUT2, expressed more
 Globo H thanT-47D, the only cell line expressing significant
 levels of both FUT? and FUT2. Furthermore, delivery of siFUT2
 to T-47D cells caused a more pronounced decrease in expression
 of Globo H than siFUTl. These findings implied that in MB157
 and MCF7, FUT? was responsible for Globo H (Fig. 3) but when
 both FUT? and FUT2 were present, such as in the case of T-47D,
 FUT2 played an greater role in the fucosylation of Globo H than
 FUT? (Fig. 4). However, it remains unclear why T-47D displayed
 less Globo H than the other two cell lines. Because the level of

 SSEA3 expression was similar among these three cell lines (data
 not shown), it is possible that T-47D may contain more fucosi
 dases or other SSEA3-reactive enzymes that compete with
 FUTs. Further analysis of FUT? and FUT2 mRNA expression in
 BCSCs isolated from a xenografted primary human breast
 cancer indicated that the lower expression of Globo H on BCSCs
 of this tumor might arise from lower level of FUT2 expression as
 compared to that in non-BCSCs. Delivery of a FUT? transgene
 was shown to lead to a dramatic decrease in cell surface sialyl-Lex
 (sLex) synthesis, with a concomitant increase in Le^ and Leb
 expression, causing the cells to fail to interact with E-selectin
 (37). It remains to be explored whether there is any differential
 expression of FUT? and FUT2 between nonmetastatic and
 metastatic breast cancers.

 Blood group antigens and precursor or related antigens (H,
 Lewis) are expressed most abundantly in endodermal epithelial
 cells, where the majority of human cancers arise (38). Conse
 quently, changes in these blood group and precursor or related
 antigens constitute the major tumor-associated changes of gly
 cosylation, and many of them lead to formation of tumor
 associated carbohydrate antigens (39). In addition to Globo H,
 there are other glycans that have also been shown to be
 overexpressed in breast cancer, including sLex, sialyl-Lea, sialyl
 Tn, and polysialic acid (40). The expression of these glycans on
 BCSCs remains unclear, although some of these glycan epitiopes
 have been considered for vaccine development besides Globo H,
 such as sialyl-Tn (40). Our findings of Globo H and SSEA3
 expression on BCSCs provide an impetus for similar studies to
 determine the expression of other tumor-associated glycans in
 BCSCs before further development of a carbohydrate-based
 breast cancer vaccine.

 Materials and Methods
 Isolation of Primary Tumor Cells from Human Breast Cancer Specimens. A total
 of 31 human breast cancer specimens were obtained from patients who had
 undergone initial surgery at the Tri-Service General Hospital (Taipei, Taiwan).
 Samples were fully encoded to protect patient confidentiality and were used
 under a protocol approved by the Institutional Review Board of Human
 Subjects Research Ethics Committee of Academia S?nica, Taipei, Taiwan. The
 tumor specimens were sliced to square fragments of 1 mm2 and subjected to
 enzymatic digestion by incubation in RPMI1640 medium containing collage
 nase (1,000 U/ml), hyaluronidase (300 U/ml), and DNase I (100 /ug/ml) at 37?C
 for 2 h. Primary breast tumor cells were collected after filtration through a
 100-jmm cell strainer (BD Biosciences) and resuspended in RPMI1640 medium
 supplemented with 5% FBS.
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 Flow Cytometry Analysis. Primary breast cancer cells were prepared as 1 x 105
 cells in 50 p\ of PBS containing 2% FBS and 0.1 % NaN3. Cells were labeled with
 anti-CD24-PE, anti-CD44-APC, and anti-CD45-PerCP-Cy5.5 antibody mixtures
 (1 /il of each). Globo H expression was detected by staining with monoclonal
 anti-Globo H antibody (VK-9) conjugated with Alexa488. Analyses were per
 formed on a FACSCanto flow cytometer (Becton Dickinson). BCSCs were
 defined as CD45~/CD24-/CD44+ cells, and non-BCSCs were defined as other
 populations of CD45" cells. Globo H expression was further analyzed in the
 gated region.

 qRT-PCR of FUT1 or FUT2. Total RNA was extracted and reverse-transcripted to
 cDNA with oligo(dT) primer. RTPCR for simultaneous detection and quantifi
 cation of the cDNA samples was performed on an ABI Prism 7000 Sequence
 Detection System and analyzed with the ABI Prism 7000 SDS software (Applied
 Biosystems). Fifty nanograms of cDNA sample were used for qPCR reaction as
 50?C for 2 min, 95?C for 10 min, followed by 40 cycles of 95?C for 10 sec and
 60?C for 1 min. The end-point used in the real-time quantification was

 calculated by the ABI Prism 7000 SDS software, and the threshold cycle number
 (Ct value) for each analyzed sample was calculated. Each target gene was
 normalized to that of HPRT1 to derive the change in Ct value (ACt).

 Construction and Production of siRNA in Lentiviral Vector. TRCN0000036074
 (s\FUT1) clone, TRCN0000036102 (s\FUT2) clone, pLKO.1 -puro vector (control),
 pMD.G plasmid and pCMVAR8.91 plasmid were obtained form National RNAi
 Core Facility at the Institute of Molecular Biology, (Academia S?nica, Taipei,
 Taiwan). The s\FUT1 and s\FUT2 clones encode a small interfering oligonucle
 otide specific for human FUT? and FUT2 gene, respectively. The production of
 lentivirus was described in the SI Materials and Methods.
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