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Abstract
Myelosuppression and drug resistance are common adverse effects in cancer patients with
chemotherapy, and those severely limit the therapeutic efficacy and lead treatment failure. It is
unclear by which cellular mechanism anticancer drugs suppress bone marrow, while drug-resistant
tumors survive. We report that due to the difference of glucosylceramide synthase (GCS),
catalyzing ceramide glycosylation, doxorubicin (Dox) eliminates bone marrow stem cells
(BMSCs) and expands breast cancer stem cells (BCSCs). It was found that Dox decreased the
numbers of BMSCs (ABCG2+) and the sphere formation in a dose-dependent fashion in isolated
bone marrow cells. In tumor-bearing mice, Dox treatments (5 mg/kg, 6 days) decreased the
numbers of BMSCs and white blood cells; conversely, those treatments increased the numbers of
BCSCs (CD24−/CD44+/ESA+) more than threefold in the same mice. Furthermore, therapeutic-
dose of Dox (1 mg/kg/week, 42 days) decreased the numbers of BMSCs while it increased BCSCs
in vivo. Breast cancer cells, rather than bone marrow cells, highly expressed GCS, which was
induced by Dox and correlated with BCSC pluripotency. These results indicate that Dox may have
opposite effects, suppressing BMSCs versus expanding BCSCs, and GCS is one determinant of
the differentiated responsiveness of bone marrow and cancer cells.
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1. Introduction
Most chemotherapeutic agents target proliferative cells, which include cancer cells as well
as normal adult stem cells in regenerating tissues such as bone marrow (Wang et al., 2006,
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Nurgalieva et al., 2010). Thus, these anti-proliferative effects, without tumor specificity,
unavoidably cause myelosuppression or bone marrow suppression, while anticancer agents
eradicate tumors. Myelosuppression is a dose-limiting toxicity for most chemotherapeutic
regents (Repetto, 2009, Nurgalieva et al., 2010, Daniel and Crawford, 2006). The risk of
aplastic anemia, a common syndrome of myelosuppression is strongly associated with
regimens of cyclophosphamide/doxorubicin/fluorouracil, platinum/taxane, and
cyclophosphamide/methotrexate/fluorouracil (Nurgalieva et al., 2010). There is a dose-
response relationship between the use of taxane or platinum and myelosuppression, and the
increasing myelosuppression risk is consistently higher in patients using alkylating agents or
anthracycline-based regimens (Nurgalieva et al., 2010, Kroger et al., 1999). Drug-induced
myelosuppression not only limits the treatments with cytostatic agents, but also is a risk
factor for poor prognosis, as it substantially diminishes immunity and other systems against
malignancy (Richardson and Johnson, 1997, Busch et al., 1990, Nurgalieva et al., 2010).
Bone marrow transplantation and the supplements of erythropoietin (Epoetin), granulocyte
colony-stimulating factor (G-CSF, Neupogen) and interleukin-11 (Oprelvekin) have been
demonstrated recovering bone marrow and significantly improvement chemotherapy
outcome (Bartsch and Steger, 2009, Seidman, 2006, Moore and Crom, 2006, Janni et al.,
2001, Timmer-Bonte et al., 2005, Hood, 2003, Carey, 2003). An understanding of cellular
mechanisms underlying drug-induced myelosuppression may guide development of
chemotherapeutics with high efficacy and little bone marrow toxicity.

Chemotherapeutic agents can induce drug-resistant tumors, which may result in treatment
failure (Gonzalez-Angulo et al., 2007, Szakacs et al., 2006). Many anticancer drugs
including anthracyclines can amplify the expression of multidrug resistance 1 (MDR1),
breast cancer resistant protein (BCRP), Bcl-2 and glucosylceramide synthase (GCS) to result
in drug resistance in cancer cells (Clarke et al., 1992, Doyle et al., 1998, Gasparini et al.,
1995, Liu et al., 1999, Liu et al., 2008). Emerging evidence supports that cancer stem cells
(CSCs) might be an important mechanism of drug resistance. Chemotherapy kills most
differentiated cancer cells in tumors, but surviving CSCs may cause disseminated metastasis
or recurrence of aggressive tumors after treatment failure (Dean et al., 2005, Maugeri-Sacca
et al., 2011). Recent studies show that a prolonged selection with doxorubicin (Dox)
enriches CSCs in breast cancer cells (Calcagno et al., 2010); the CSCs detected as side
population by flow cytometry are increased in paclitaxel-resistant ovarian cancer cell lines
(Kobayashi et al., 2011). An increase of BCSCs after systemic chemotherapy is a poor
prognostic factor for patients with breast cancers (Lee et al., 2011).

The present study simultaneously assessed the effects of Dox on bone marrow and CSCs,
probing cellular mechanisms underlying myelosuppression and drug resistance generated
during the course of chemotherapy.

2. Materials & Methods
2.1 Preparation of bone marrow cells

Bone marrow cells (BMCs) were extracted from the femurs of mice under sterile condition,
as described previously with minor modification (Zhou et al., 2001). Athymic nude mice
(Foxn1nu/Foxn1+, 4–5 weeks, female) were purchased from Harlan (Indianapolis, IN) and
maintained in the vivarium at University of Louisiana at Monroe (ULM). The animal study
was approved by the IACUC of ULM and was handled in strict accordance with good
animal practice as defined by NIH guidelines. After dissection, the femurs were rinsed with
phosphate-buffered saline solution (PBS, pH 7.4, 10 mM, containing 200 units/ml penicillin,
200 μg/ml streptomycin, 1168 mg/liter L-glutamine) and then immersed with 1 ml of
RPMI-1640 medium containing 10% fetus bovine serum (FBS), 200 units/ml penicillin, 200
μg/ml streptomycin, 1168 mg/liter L-glutamine and 200 μg/ml fungizone for 30 minutes.

Bhinge et al. Page 2

Int J Biochem Cell Biol. Author manuscript; available in PMC 2013 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



After crushing delicately with scissors, the BMC suspension was filtered through a 40 μm
mesh to remove bone pieces and other debris. BMC suspension (~6 × 106 cells/mice) was
used for further experiments. The FBS was purchased from HyClone (Waltham, MA) and
other materials for cell culture were from Invitrogen (Carlsbad, CA).

2.2 Treatments of BMCs with Dox and paclitaxel
BMCs, isolated from mice (Foxn1nu/Foxn1+, 6–7 weeks, female), were cultured in 60-mm
dishes (3 × 106 cells/dish) with 10% FBS RPMI-1640 medium containing Dox (0–1000 nM)
or paclitaxel (0–500 nM) for 6 days, and the medium with agents was refreshed at day 4.
After treatments, BMCs were counted by using hemocytometer. The ABCG2+ BMCs were
analyzed by using flow cytometry, following the incubation of BMCs with anti-ABCG2
antibody. Dox hydrochloride and paclitaxel were purchased from Sigma-Aldrich (St. Louis,
MO).

2.3 Treatments of mice with Dox
The dose-response effects of Dox on bone marrow stem cells (BMSCs) and breast cancer
stem cells (BCSCs) were examined in mice with orthotopic breast tumors after 6 days
treatments. The suspensions of human MCF-7/Dox breast cancer cells (3–5 passages, 1 ×
106 cells in 20 μl per mouse) were inoculated into the second left mammary gland of nude
mice (Foxn1nu/Foxn1+, 4~5 weeks, female), those were implanted with 17β-estradiol tablet
(0.72 mg, 90 days release; Innovative Research of American, Sarasota, FL) to generate
orthotopic breast tumors (Patwardhan et al., 2009, Liu et al., 2010). Once tumors reached ~5
mm in diameter, mice were randomly divided into treatment and control groups (4 mice per
group). Dox was administered by intraperitoneal injection (0–5 mg/kg, i.p., every three days;
Dox); and a mixed-backbone oligonucleotide (MBO-asGCS) silencing of human GCS was
injected intratumorally (1 mg/kg every three days, twice) (Patwardhan et al., 2009, Liu et al.,
2010). After 6 days of treatments, the tumor tissues were dissected to quantify BCSCs,
blood cells (~200 μl) were collected by retro-orbital puncture using EDTA-coated
capillaries. The blood cells were analyzed by flow cytometry in clinical laboratory (St.
Francis Medical Center, Monroe, LA, USA). Human MCF-7/Dox cells were gift from Dr.
Kapil Mehta (M.D. Anderson Cancer Center, Houston, TX) (Mehta, 1994, Herman et al.,
2006). MBO-asGCS (20-mer) was synthesized and purified by reverse-phase high-
performance liquid chromatography and desalting by Integrated DNA Technologies
(Coralville, IA) (Patwardhan et al., 2009).

The long-term effects of Dox on BMSCs and BCSCs were examined in mice treated with
therapeutic dose. Once the orthotopic breast tumors (MCF-7/Dox) reached ~2 mm in
diameter, mice were randomly divided into treatment and control groups (5 mice per group).
Dox (1 mg/kg) at a dose used for patient treatment was administered (i.p, once a week;
Dox); MBO-asGCS was administered (4 mg/kg, i.p. every three days) alone (asGCS) or in
combination with Dox (Dox+asGCS). After 42 days treatments, the bone marrow and tumor
tissues were collected for further analyses.

2.4 Flow cytometry analyses of BMSCs and BCSCs
These analyses were performed as described previously (Gupta et al., 2011). After washing
with PBS, the extracted BMCs were resuspended in RPMI-1640 medium (106 cells/100 μl)
and incubated with the Alexa Fluro®647 conjugated anti-ABCG2 antibody (5 μl/106 cells;
clone 5D3 from Biolegend, San Diego, CA) for 30 minutes at 4 °C. Unbound antibody was
washed off with medium and centrifugation. The cell pellets were resuspended in 1 ml of
PBS and analyzed on a BD FACSCalibur flow cytometer with BD CellQuest Pro program
(BD Bioscience, San Jose, CA). To identify ABCG2+ cells that were enclosed in the
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rectangle box of histogram, each sample incubated with RPMI medium containing BSA was
analyzed as negative control, respectively.

To analyze BCSCs, tumors (~60 mg per each) were immediately resected from mice under
sterile condition and dispersed in RPMI-1640 medium with collagenase IV (500 units/ml), at
37°C for 120 min with shaking (20 rpm), as described with minor modification (Gupta et al.,
2010, Al-Hajj et al., 2003). After filtration through a 70-μm cell strainer, tumor cells were
washed twice with PBS and cultured in 10 % FBS RPMI-1640 medium overnight. After
trypsinization and washing, cells (~1 × 107) were incubated with Anti-CD24 antibody in 1
ml of buffer 1 (PBS with 0.1% BSA and 2 mM EDTA, pH 7.4) at 4°C for 10 min. Cells
were washed with PBS and centrifugation and incubated with Dynabeads (1 × 107 beads per
ml, Invitrogen) at 4°C for 20 min. The CD24− cells were collected after depletion of CD24+

cells with MagCellect magnet (R&D systems, Minneapolis, MN), and cultured overnight.
After trypsinization and washing with PBS, cells (106 cells/100 μl) were incubated with
FITC conjugated anti-CD44, Alexa Fluo®647 conjugated anti-ESA antibodies (5 μl/106

cells) for 30 minutes at 4 °C. Cells were resuspended in 1 ml PBS and analyzed on BD
FACSCalibur following washing and centrifugation. To identify CD44+/ESA+ cells that
were enclosed in the rectangle box of histogram, each sample incubated with RPMI medium
containing BSA was analyzed as negative control, respectively.

2.5 Histochemistry of BMCs
Smear slides of BMCs were prepared as described previously (Gupta et al., 2010,
Patwardhan et al., 2010). Briefly, approximately 5 μl suspension of extracted BMCs with
adjusted density (~200 cells/μl) was dispersed in a monolayer on standard microscope slide,
and fixed with heating and methanol. Cells were blocked with 5% goat serum in blocking
buffer (Vector Laboratories, Burlingame, CA) for 20 min and incubated with anti-ABCG2
monoclonal antibody (1:100) (Santa Cruz Biotechnology, Santa Cruz, CA) in the blocking
buffer at 4°C, overnight. The slides were then incubated with Alexa Fluor®647 conjugated
anti-mouse IgG (BioLegend, San Diego, CA). After rinsing, the slides were mounted with
Vectashield medium containing DAPI (4′,6′-diamidino-2-phenylindole) (Vector
Laboratories). The fluorescence images were captured using LSM Pascal confocal
microscope (Carl Zeiss Microimaging Inc., Thornwood, NY).

For Giemsa staining, the fixed smear slides were incubated with KaryoMax Giemsa stain
improved R66 solution (Invitrogen) at room temperature for approximately 2 min.
Following wash with deionized water, cells were photomicrographed under Nikon Eclipse
TS-100 microscope equipped with digital camera.

2.6 Sphere formation of BMCs
Sphere formation was performed as described previously with minor modification (Shiota et
al., 2007, Giarratana et al., 2005). Briefly, after extraction, BMCs (20,000 cells/well) were
plated in ultralow attachment 24-well plates (Corning, Lowell, MA) with DMEM-F12 (1:1)
medium containing insulin (5 μg/ml), human basic fibroblast growth factor (10 ng/ml),
human epidermal growth factor (20 ng/ml) and 0.4% bovine serum albumin (BSA). The
cells were treated with Dox (0–1,000 nM) for 6-days, and the medium was refreshed at the
day 4. The cells of spheres were counted using hemocytometer following trypsinization.
Spheres on smear slides were incubated with anti-ABCG2 antibody to recognize ABCG2+

BMSCs, as described above in the 2.5 section.

2.7 Western blot analysis
Cells were lysed using NP40 cell lysis buffer (Biosource, Camarillo, CA, USA) and proteins
were measured using a bicinchoninic acid (BCA) protein assay kit (Pierce, Rockford, IL,
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USA). Equal amount of detergent-soluble proteins (50 μg/lane) were resolved using 4–20%
gradient SDS-PAGE (Invitrogen). After transferring, blots were blocked in 5% fat-free milk
in PBS, and incubated with primary antibodies against GCS (1:700 dilution), ABCG2 (1:200
dilution), Sca-1 (1:500 dilution), Thy-1 (1:500 dilution) and α-tubulin (1:500 dilution)
overnight at 4 °C, and then with respective horseradish peroxide-conjugated secondary
antibodies (1:5000 dilution). SuperSignal® West Femto Maximum Sensitivity Substrate
(Thermo scientific, Rockford, IL) was employed for detection (Liu et al., 1999, Liu et al.,
2010). Rabbit anti-Thy-1 polyclonal, rat anti-Sca-1/Ly-6A monoclonal and mouse anti-β-
actin monoclonal antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA). Mouse anti-α-tubulin monoclonal antibody was purchased from Sigma-Aldrich (St.
Louis, MO), and Mouse anti-GAPDH monoclonal antibody was from Invitrogen.

2.8 GCS enzymatic assay
GCS activity was performed as described previously (Gupta et al., 2010, Liu et al., 2010).
BMCs or MCF-7/Dox cells were grown 24 hr in 35-mm dishes (5 × 106 cells/dish) in 10%
FBS RPMI-1640 medium and switched to 1% BSA RPMI-1640 medium containing 5 μM
NBD C6-ceramide complexed to BSA (Invitrogen). After 2 hr incubation at 37°C, lipids
were extracted, and resolved on partisil high performance thin-layer chromatograph
(HPTLC) plates with fluorescent indicator (Whatman, Florham Park, NJ) in a solvent
system containing chloroform/methanol/3.5N ammonium hydroxide (85:15:1, v/v/v) as
described previously (Gupta et al., 2010). NBD C6-glucosylceramide (GC) and NBD C6-
ceramide (Cer) were identified using AlphaImager HP imaging system (Alpha Innotech, San
Leandro, CA) and quantified on a Synergy HT multi-detection microplate reader (BioTek).
For quantification, calibration curves were established after TLC separation of NBD C6-
ceramide (Invitrogen) and NBD C6-glucosylceramide (N-hexanol-NBD-glucosylceramide;
Matreya, Pleasant Gap, PA). GCS enzyme activity was presented as GC/Cer, C6-
glucosylceramide fluorescence to C6-ceramide fluorescence.

2.9 Statistical analysis
All cell experiments in triplicate were repeated twice. Data were analyzed by using Prism
version 4 (GraphPad software, San Diego, CA) and presented as mean ± SD. Two-tailed
student’s t tests were used to compare the continuous variables between groups and Fisher’s
extract test was used to compare the proportion between groups. All p<0.001 was considered
statistically significant.

3. Results
3.1 Dox decreased ABCG2+ BMSC in ex vivo

We employed flow cytometry analyzing ABCG2+ BMCs to assess myelosuppression.
ABCG2 protein (also known as BCRP), which expresses in a wide variety of stem cells,
effluxes the fluorescent dye Hoechst 33342, determining the side population (SP) phenotype
(Goodell et al., 1996, Zhou et al., 2001). Bone marrow SP cells are enriched for
hematopoietic stem cells (HSCs) as well as mesenchymal stem cells, and ABCG2 has been
used as a marker to purify HSCs (Zhou et al., 2002, Zhou et al., 2001, Scharenberg et al.,
2002). To test whether analysis of ABCG2+ BMCs can assess bone marrow responsiveness,
we primarily analyzed BMCs exposed to Dox and paclitaxel in ex vivo. Compared with the
negative staining control, we were able to define ABCG2+ cells and detected the alterations
of ABCG2+ BMSCs in BMCs treated with Dox and paclitaxel (Fig. 1A). Dox treatments (6
days) significantly decreased BMC numbers to 61% (1.75 × 106 vs. 2.87 × 106 cells;
p<0.001) at 0.2 μM of Dox (Fig. 1B). Furthermore, Dox treatments substantially decreased
ABCG2+ cells, as those cells reduced to 25% (0.61% vs. 2.39% BMC; p<0.001) (Fig. 1B) at
0.2 μM of Dox. As shown in Fig 1C, in the same conditions, paclitaxel displayed less
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myelosuppressive effects. Paclitaxel did not significantly decrease the numbers of BMCs or
ABCG2+ BMSCs (Fig. 1C). These data are consistent with other reports that Dox is a
myelosuppressive agent (Richardson and Johnson, 1997, Busch et al., 1990) and furthermore
indicate ABCG2+ BMSCs were more sensitive to myelotoxic agents such as Dox.

We further examined Dox effects on BMSCs in sphere formation to corroborate above
observation. Dox treatment (1.0 μM) substantially decreased the sizes (bright filed) and
numbers of bone marrow spheres, due to significantly reduced ABCG2+ BMSCs (red
fluorescence), as compared with vehicle control (Fig. 2A). Dox significantly decreased
spheres in dose-dependent fashion, and it reduced BMC spheres to 34% (2,958 vs. 8,767
cells, p<0.001) at the 1.0 μM concentration (Fig. 2B). These suggest that quantification of
ABCG2+ BMSCs is a direct approach to assess myelosuppression sensitively.

3.2 ABCG2+ BMSCs, but not BMCs, were declined in immediate response to Dox treatment
in vivo

We examined the adverse effect of Dox on bone marrow in vivo. After 6-days Dox
treatments, BMCs were extracted from mice. ABCG2+ BMSCs were identified and enclosed
in the rectangle of histogram, as compared with each negative control (Fig. 3A). It was
found that Dox treatments significantly decreased the numbers of ABCG2+ cells (Fig. 3A).
Dox reduced the percentages of ABCG2+ cells in a dose-dependent fashion (1–5 mg/kg),
and the ABCG2+ cells were reduced to 21% (1.7 % vs. 7.8% of total BMCs; p<0.001) at the
dose of 2.0 μM, although these treatments has few effects on reducing BMC numbers (Fig.
3B). Consistently, bone marrow of mice treated Dox displayed the same cell densities as
vehicle control in smear slides with Giemsa staining (Fig. 3B). However, the numbers of
ABCG2+ cells (red fluorescence) in Dox treatment (2 mg/kg) were significantly decreased,
as compared with in vehicle control (8 cells vs. 26 cells in the represented slides) (Fig. 3C).
Furthermore, peripheral blood cells, particularly white blood cells significantly reduced to
39% and 36% at the Dox doses of 2.0 mg/kg and 5.0 mg/kg (Table 1). Those data indicate
that Dox eliminate ABCG2+ BMSCs and cause myelosuppression, and quantification of
ABCG2+ BMCs by flow cytometry can be applied to detect myelosuppression early.

3.3 Dox increased BCSCs in tumor-bearing mice
We examined the effects of Dox on BCSCs in mice with orthotopic breast tumors. After 35
days inoculation of human MCF-7/Dox cells, tumor-bearing mice (~5 mm in diameters)
were treated with Dox (1–5 mg/kg, i.p.) for 6 days. The BCSCs were isolated and quantified
by the CD24−/CD44+/ESA+ markers that have been broadly used to identify human BCSCs
(Al-Hajj et al., 2003, Fillmore and Kuperwasser, 2008, Gupta et al., 2011). After CD24
negative separation, the CD44+/ESA+ cells were identified in the rectangle of histogram
(top-right quadrant), as compared with each negative control (Fig. 4A). Surprisingly, Dox
treatments significantly increased the numbers of CD44+/ESA+ cells, as compared with in
saline group; MBO-asGCS treatment, which suppressed GCS expression, decreased CD44+/
ESA+ cells, as compared with Dox treatments (Fig. 4A). It was found that the numbers of
BCSCs (CD24−/CD44+/ESA+ cells) increased with the doses of Dox (1–5 mg/kg); at the
doses of 2 mg/kg and 5 mg/kg of Dox treatments, BCSCs were increased to 150% (6.56%
vs. 4.35% total cells; p<0.001) and 326% (14.22% vs. 4.35% total cells; p<0.001),
respectively, as compared with saline group (Fig. 4B). Interestingly, it was also found that
MBO-asGCS treatment (4 mg/kg, i.p., every three days) decreased the BCSCs to 39%
(2.02% vs. 5.14% of total cells; p<0.001) in the combination treatment group, as compared
with Dox alone treatments (1.0 mg/kg or 5 mg/kg). These data suggest that Dox can enrich
CSCs while it eliminates BMSCs.
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3.4 Opposite effects of Dox on BMSCs and BCSCs after a long-term and therapeutic dose
treatment

We observed adverse effects of Dox in tumor-bearing mice treated with therapeutic dose of
Dox. Breast tumors (MCF/7/Dox, ~2 mm in diameters) were treated with Dox (1 mg/kg. i.p.
once a week) that was close to the administration used for cancer patients, and did not
display severely acute toxicities in mice (Patwardhan et al., 2009). There were no abnormal
clinical syndromes or body weight alterations observed among these groups. Dox and MBO-
asGCS (asGCS) alone or combination had fewer effects on the numbers of total BMCs, as
compared to saline (Fig. 5A). It was found that Dox treatments significantly reduced the
BMSCs (ABCG2+ cells) to 67% (6.18% vs. 9.24% of BMCs; p<0.001) in Dox group, and to
80% (7.40% vs. 9.24% of BMCs; p<0.01) in Dox+asGCS group, respectively, as compared
with in saline group (Fig. 5B). The numbers of BMSCs were 120% (7.46% vs. 6.16% of
BMCs and 7.40% vs. 6.18% of BMCs; p<0.01) in MBO-asGCS group (asGCS) and in the
combination (Dox+asGCS) groups, as compared with Dox alone (Fig. 5B). Bone marrow of
these groups displayed almost the same cell densities in smear slides after Giemsa staining
(Fig. 5C, top panel); however, the numbers of ABCG2+ cells (red fluorescence) were
significantly decreased (16 vs. 26 cells/filed) in Dox group, as compared with in saline
group (Fig. 5C bottom panel).

Furthermore, we assessed the alterations of BCSCs of tumors in the same groups of mice. It
was found that Dox treatment significantly increased the numbers of BCSCs to 145%
(4.71% vs. 3.25% of tumor cells, p<0.001) in Dox group (Dox; 1 mg/kg, 42 days), as
compared with saline (Fig. 5D). Conversely, the BCSCs were decreased to 73% (2.54 vs.
3.25% of tumor cells and 2.38 vs. 3.25 % tumor cells, p<0.01) in MBO-asGCS group
(asGCS, 4 mg/kg) and in the combination group (Dox+asGCS), respectively, as compared
with saline (Fig. 5D). MBO-asGCS treatment significantly decreased the BCSCs to 50%
(2.38 vs. 4.71% cancer cells; p<0.001) in combination group (Dox+asGCS), as compared
with Dox alone (Dox) (Fig. 5D).

3.5 GCS determined the cellular effects of Dox on BMSCs and BCSCs
GCS, catalyzing ceramide glycosylation, converts apoptotic ceramide to glucosylceramide
and confers cancer cells resistance to Dox; conversely, suppression of GCS sensitizes cells
to anticancer drugs (Liu et al., 1999, Liu et al., 2001, Patwardhan et al., 2009). To elucidate
the opposite effects of Dox on BMSCs and BCSCs observed above, we assessed GCS
expression and its responsiveness to Dox in bone marrow and cancer cells. As shown in Fig.
6, the GCS enzyme activity as well protein level was lower in murine BMCs, approximately
40% of MCF-7/Dox cancer cells. Dox treatments (0.5 μM, 6 days) significantly increased
GCS protein as well as enzyme to approximately 150% (1.08 vs. 0.70 GC/Cer; p<0.001) in
MCF-7/Dox cells, as compared with vehicle control; conversely, Dox reduced GCS enzyme
activity to approximately 20% (0.04 vs. 0.27 GC/Cer; p<0.001), as well as GCS protein
level to 50% in bone marrow cells. Silencing of GCS significantly reduced GCS enzyme and
protein levels to 60% (0.40 vs. 0.70 GC/Cer) in MCF-7/Dox cells treated with MBO-asGCS
alone, as compared with vehicle control. MBO-asGCS treatment substantially reduced GCS
activity (by 18-fold, 0.06 vs. 1.08 GC/Cer) and protein level (by 2-fold, 0.73 vs. 1.57) in
MCF-7/Dox cells treated with combination, as compared with Dox group (Fig. 6). It was
also aware that ABCG2 protein levels of MCF-7/Dox cells were significantly decreased
with GCS silencing in MCF-7/Dox cells. The protein levels of ABCG2 and Sca-1 (another
marker of bone marrow hematopoietic stem cells) (Weilbaecher et al., 1991, Yilmaz et al.,
2006) were decreased in BMCs treated with Dox, MBO-asGCS, and both combination (Fig.
6A).
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4. Discussion
We examined the myelosuppressive effect of Dox by assessing BMSCs in ex vivo and in
tumor-bearing mice. Flow cytometry can directly and quantitatively determine the
alterations of BMSCs with ABCG2+ phenotype and distinguishes the adverse effects of
drugs such as Dox on BMCs. In contrast, the total BMCs could sensitively represent
myelotoxicity under these conditions (Fig. 1). Assessment of BMSCs has succeeded in
detection of mouse myelotoxicity under chemotherapy (Fig. 3, 5). Early recognition of drug-
induced myelosuppression is critical for patients with chemotherapy, as adjustment of
therapeutic agents and addition of supportive therapy prior to severe syndromes can
significantly improve the clinical outcome (Carey, 2003, Daniel and Crawford, 2006).
Different from current examinations for myelosuppression, the flow cytometry of ABCG2
directly detects BMSCs that are responsible for the regeneration of blood cells and other
tissues. Peripheral cytological alterations including complete blood cells or reticulocytes and
platelets, which are simultaneous with anemia, leucopenia and thrombocytopenia, cannot
represent early sign of bone marrow cytotoxicity. The fall of leukocytes after chemotherapy
is more sensitive than platelets or erythrocytes, and reaches its nadir about 6-days (Jimenez
et al., 1992). In the present study, we find the significant decreases of BMSCs accompanied
with leukocytes decreased in mice after 6 days of Dox treatments (Fig. 3, Table 1).
Additionally, the decreased BMSCs are detected in mice exposed to therapeutic dose of
Dox, even though there are no other abnormal clinical signs including loss of body weight or
alterations of activity observed in these mice (Fig. 5). Another feature of this assay is that
the BMSCs of bone marrow can be stably remained in culture condition. We still can find
more than 95% of BMSCs after 48 hr culture of bone marrow in 10% FBS RPMI-1640
medium at 37°C, as compared to samples measured immediately after extraction. This
would offer a time frame to analyze BMSCs by flow cytometry in clinical setting.

Interestingly, we find that anticancer drug such as Dox has opposite effects on normal stem
cells versus CSCs in vivo. Dox significantly increase BCSC numbers of mice either in 6-
days or 42-days treatments (Fig. 4, Fig. 5), even the BMSC numbers are reduced under the
same conditions in the same individuals (Fig. 3, Fig. 5). Early reports show that BCSCs are
one reason of drug resistance in cancer cells and in patient tumors (Fillmore and
Kuperwasser, 2008, Shafee et al., 2008, Tanei et al., 2009). BCSCs are substantially higher
in human MCF-7 breast cancer cells after stepwise-exposure to Dox (Calcagno et al., 2010).
In cancer patients, BCSCs (CD44+/CD24− or ALDH1+) are significantly increased after
chemotherapy of Dox plus docetaxel or cyclophosphamide (Lee et al., 2011). In present
study, 6-days Dox treatments increase BCSCs in dose-dependent fashion and a therapeutic-
dose of Dox enhances BCSCs significantly (Fig. 4, Fig. 5). In both conditions, the
percentages of BCSCs and the absolute numbers of BCSCs are increased in tumors treated
with Dox. Lagadec et al. recently report that radiation induces BCSC phenotype in
differentiated breast cancer cells to increase BCSC numbers (Lagadec et al., 2012). Whether
Dox enriches BCSCs via dysdiferention of the progenies or differentiated tumor cells or via
increase of symmetric cell division of BCSCs need to be examined in further studies.

Our study, for the first time, indicates that GCS is crucial for the stemness of adult stem cells
and cancer stem cells. GCS converts ceramide to glucosylceramide, and is a limiting-
enzyme regulating cellular ceramide levels and the synthesis of glycosphingolipids (GSLs)
(Hakomori, 2008, Patwardhan and Liu, 2011). Early studies demonstrate that GCS confers
cancer drug resistance, and is overexpressed in metastatic breast cancers (Liu et al., 1999,
Liu et al., 2001, Liu et al., 2011). Globopentosylceramide (Gb5) and monosialyl Gb5
(MSGb5), synthesized by a series of enzymes following ceramide glycosylation, are stage
specific embryonic antigen 3 (SSEA-3) and SSEA-4 commonly used to characterize human
embryonic stem cells (Thomson et al., 1998, Klimanskaya et al., 2006). The disappearance
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of Gb5 and MSGb5 is associated with the differentiation of normal stem cells (Liang et al.,
2010, Brimble et al., 2007). It is detected in the present study that GCS protein level and
enzyme activity in MCF-7/Dox cancer cells are significantly higher than bone marrow cells
(Fig. 6). Exposure to Dox upregulates GCS expression and its activity in cancer cells, rather
than in BMCs (Fig. 6). Silencing of GCS by MBO-asGCS significantly reduces GCS
activity in cancer cells (Fig. 6) and decreases BCSCs in tumor-bearing mice (Fig. 4, Fig. 5).
Conversely, silencing GCS increases BMSCs of mice, even those mice exposed to Dox (Fig.
5B). It is unclear whether the species difference between MCF-7/Dox and murine bone
marrow plays any role in regulating the opposite effects of Dox on GCS; at least GCS
homology is extremely high between human and mouse (98%) (Ichikawa and Hirabayashi,
1998), and MBO-asGCS silences GCS expression in normal or cancer cell lines of human
and mouse (Patwardhan et al., 2009) (Fig. 6). Our previous works show that overexpression
of GCS enhances globo-series GSLs (Gb3) and activate cSrc/β-catenin signaling, inducing
drug resistance by upregulation of MDR1 expression (Liu et al., 2010, Patwardhan and Liu,
2011). Whether cSrc/β-catenin reprograms cancer cells to induce CSCs should be
investigated in further study. Collectively, this study demonstrates that GCS, as modulator
of stem cell pluripotency, determines the differentiated responsiveness of bone marrow and
cancer cells to anticancer drug, Dox.
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Fig. 1.
Toxicities of Dox and paclitaxel in BMCs. After extraction, BMCs (3 × 106 cells per 60-mm
dish) were incubated with Dox and paclitaxel in medium for 6 days. BMCs were counted
with hemocytometer and BMSCs (ABCG2+) were analyzed by using flow cytometry. (A)
Two-dimension fluorescence histograms of BMC. ABCG2+ cells were enclosed in the
rectangle box (was identified as compared with the negative staining, no showed) on the top
quadrants. FI, fluorescence intensity. (B) Effects of Dox on BMCs and ABCG2+ cells. *,
p<0.001 compared with vehicle control of BMCs; **, p<0.001 compared with vehicle
control of ABCG2+ cells. (C) Effects of paclitaxel on BMCs and ABCG2+ cells. The
changes of BMCs (open square with dotted line) and ABCG2+ cells (solid circle and line)
were indicated in right Y-axis and left Y-axis, respectively.
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Fig. 2.
The effect of Dox on sphere formation of BMSCs in ex vivo. BMCs were cultured in
ultralow attachment dishes with stem cell medium containing Dox for 6 days. (A)
Microphotograph of BMSC spheres (× 200 magnification). Red, Alexa Fluor@ 647-ABCG2;
blue, nuclear counterstaining with DAPI. (B) Dox effects on sphere formation. *, p<0.001
compared with vehicle control.
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Fig. 3.
Acute myelotoxicity of Dox in mice. BMC were extracted from mice after 6 days Dox
administration (i.p.). (A) The fluorescence histograms of BMCs. ABCG2+ cells were
enclosed in the rectangle box on the top quadrants of each one. FI, fluorescence intensity.
(B) Effects of Dox on BMCs and ABCG2+ cells. BMCs were normalized against body
weight (gram) of each individual (4 mice/group). *, p<0.01 and **, p<0.001 compared with
vehicle control. The changes of BMCs (open square and dotted line) and ABCG2+ cells
(solid circle and line) were indicated in the right Y-axis and left Y-axis, respectively. (C)
ABCG2+ cells in bone marrow. Red, Alexa Fluor®647-ABCG2; blue, nuclear
counterstaining with DAPI.
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Fig. 4.
Acute effects of Dox on BCSCs in tumor-bearing mice. Cancer cells were extracted from
tumors of mice (4 mice/group) after 6-days treatments. Dox, Dox treatments (1.0–5.0 mg/kg,
i.p); Dox+asGCS, combination treatment of Dox (1 mg/kg, i.p) with MBO-asGCS (1 mg/kg
intratumoral injection, every three days). The CD24− cells from negative magnetic
separation were incubated with fluorescence conjugated anti-CD44 and anti-ESA antibodies,
and analyzed by using flow cytometry. (A) The 2-D fluorescence histograms of CD24−

cells. CD44+/ESA+ cells that represented BCSCs were enclosed in the rectangle box (was
identified as compared with the negative staining) on the top-right quadrant of each one. FI,
fluorescence intensity. (B) Dox increased BCSCs in tumors. BCSCs were represented as
percentages of CD24−/CD44+/ESA+ cells to total cancer cells. *, p<0.001 compared with
saline group; ** p<0.001 compared with Dox 1.0–5.0 groups.
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Fig. 5.
Opposite effects of Dox in tumor-bearing mice. Mice with orthotopic breast tumors treated
with Dox (1 mg/kg, i.p., per week; Dox), MBO-asGCS (4 mg/kg, i.p., every three days;
asGCS) alone and MBO-asGCS combined with Dox (Dox+asGCS) for 42 days. (A) Dox
effect on BMCs. BMCs were counted and normalized against body weight. (B) Dox effect
on ABCG2+ bone marrow cells. *, p<0.01 compared with saline group; **, p<0.001
compared with Dox group. (C) ABCG2+ cells in bone marrow. Red, Alexa Fluor@ 647-
ABCG2; blue, nuclear counterstaining with DAPI. (D) Dox effects on BCSCs of tumors.
BCSCs (CD24−/CD44+/ESA+) were analyzed by flow cytometry and were represented as
percentages of BCSCs of total tumor cells. *, p<0.01 compared with saline group; **,
p<0.001 compared with Dox group.
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Fig. 6.
The protein levels and enzyme activities of GCS in BMCs and cancer cells. BMCs extracted
and MCF-7/Dox cells were treated with Dox (0.5 μM; Dox), MBO-asGCS (100 nM;
asGCS) alone and combined with Dox (Dox+asGCS) for 6 days. Ctrl, vehicle control. (A)
Western blotting. Equal amounts of detergent-soluble protein (50 μg/lane) were resolved on
4–20% SDS-PAGE and immunoblotted with individual antibody. The protein levels of GCS
or others were normalized against α-tubulin in bone marrow or β-actin in MCF-7/Dox cells,
and presented under each individual blot after measurement of optical density. *, p<0.001
compared with vehicle control; **, p<0.001 compared with Dox treatment. (B) Thin-layer
chromatography of GCS enzymatic reactions. After incubation with NBD C6-ceramide,
cellular lipids were extracted and resolved by thin-layer chromatography. GC/Cer, the ratio
of NBD C6-glucosylceramide (GC) to NBD C6-ceramide (Cer). *, p<0.001 compared with
vehicle control; **, p<0.001 compared with Dox alone.
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Table 1

Peripheral blood cell profiles of mice exposed to doxorubicin.

Lineage 0 1.0 (mg/kg) 2.0 (mg/kg) 5.0 (mg/kg)

WBC, ×103/μl 8.30±0.51 9.23±0.62 3.29*±0.43 2.99*±0.32

 neutrophil (%) 9.4 11.7 13.7 17.6

 monocyte (%) 15.5 24.5 12.4 13.6

 lymphocyte (%) 73.6 62.2 61.2 67.8

RBC, ×106/μl 9.70±0.45 10.4±0.64 7.16±0.38 7.48±0.34

Platelet, ×103/μl 444±20 481±19 580±29 450±34

WBC, white blood cells; RBC, red blood cells.
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