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Bruceantin inhibits multiple myeloma cancer stem cell proliferation
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ABSTRACT
Multiple myeloma (MM) continues to claim the lives of a majority of patients. MM cancer stem cells (CSCs)
have been demonstrated to sustain tumor growth. Due to their ability to self-renew and to express
detoxifying enzymes and efflux transporters, MM-CSCs are rendered highly resistant to conventional
therapies. Therefore, managing MM-CSCs characteristics could have profound clinical implications.
Bruceantin (BCT) is a natural product previously demonstrated to inhibit the growth of MM in RPMI 8226
cells-inoculated mouse xenograft models, and to cause regression in already established tumors. The
objectives of the present study were to test the inhibitory effects of BCT on MM-CSCs growth derived from
a human primary tumor, and to explore a mechanism of action underlying these effects. BCT exhibited
potent antiproliferative activity in MM-CSCs starting at 25 nM. BCT induced cell cycle arrest, cell death and
apoptosis in MM-CSCs as well as inhibited cell migration and angiogenesis in vitro. Using a qPCR screen, it
was found that the gene expression of a number of Notch pathway members was altered. Pretreatment of
MM-CSCs with the g-secretase inhibitor RO4929097, a Notch pathway inhibitor, reversed BCT-induced
effects on MM-CSCs proliferation. In this study, BCT was shown to be an effective agent in controlling the
proliferation, viability and migration of MM-CSCs as well as angiogenesis in vitro. The effect on MM-CSCs
proliferation may be mediated by the Notch pathway. These results warrant further investigation of BCT in
a broader set of human-derived MM-CSCs and with in vivomodels representative of MM.

Abbreviations: MM, multiple myeloma; BCT, bruceantin; CSCs, cancer stem cells; MM-CSCs, multiple myeloma
cancer stem cells; BTZ, bortezomib; RO, RO4929097; EH, ethidium homodimer; NSCs, normal haematopoietic stem
cells; HUVECs, human umbilical vein endothelial cells; VEGF, vascular endothelial growth factor; ANOVA, analysis of
variance
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Introduction

Bruceantin (BCT) is a quassinoid isolated from Brucea species
(Fig. 1A).1 BCT and its close analog, brusatol, have been dem-
onstrated to exhibit an array of biological activities, including
anti-inflammatory and anti-neoplastic activities in vitro and in
vivo.2-4 Remarkably, BCT has shown potent cytotoxic effects
with a panel of leukemia and lymphoma cell lines, but not with
normal peripheral human lymphocytes. In HeLa cervical can-
cer cells, BCT irreversibly inhibited protein synthesis and mod-
erately inhibited DNA synthesis.5 Brusatol was found
responsible for promoting HL-60 leukemic cell differentiation
by inducing the activation of NF-kB through its translocation
into the nucleus.6 Brusatol appeared to induce terminal differ-
entiation in a variety of leukemic cell lines possibly through
down-regulation of c-MYC protein expression.3 Furthermore,
BCT induced cell death in several multiple myeloma (MM) cell
lines including U266, H929 and RPMI 8226.2

MM is a devastating hematological malignancy with a
median survival time of 3 years.2 Despite the development of
numerous novel pharmacological strategies, MM accounts for
nearly 12,000 deaths per year in the United States.2 This has

been attributed to the presence of the rare “cancer stem cell”
population. Cancer stem cells (CSCs) have been implicated in
virtually all malignancies, including both hematological and
solid tumors.7,8 CSCs are characterized by self-renewal, differ-
entiation potential, resistance and migratory abilities.9-11 These
properties render CSCs capable of regenerating the entire
tumor when inoculated in immunodeficient mice.9

Matsui and colleagues shed some light on the identity of
MM-CSCs.7 The vast majority of malignant plasma cells
found in both MM cell lines and clinical samples express the
cell surface antigen syndecan-1 (also known as CD138), the
expression of which is limited to terminally differentiated
plasma cells. In comparison to CD138C cells, a small popula-
tion of CD138¡ cells, from both myeloma cell lines and clini-
cal MM samples, were highly resistant to conventional MM
therapies and exhibited greater clonogenic potential both in
vitro and in NOD/SCID mice.7 The results provided by Mat-
sui and colleagues demonstrated that MM “cancer stem cells”
existed and indeed exhibited the ability to rejuvenate MM
tumor. However, compounds that combat CSCs remain
unknown, and the identification of such compounds is
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urgently needed as it may significantly improve the prognosis
of MM patients.

Using the RPMI 8226 cells-SCID mouse xenograft model,
BCT prevented tumor growth, and resulted in a significant
regression and apoptosis in pre-established tumors. No overt
toxicity was observed after BCT treatment in this model.2 This,

combined with the fact that the tumorigenic potential in the
RPMI 8226 cells is attributed to the presence of the rare MM-
CSCs population, but not to the bulk cells, suggests that BCT
may exert activity against MM-CSCs.12,13

Given the growing importance of MM-CSCs and their pro-
found clinical implications, as well as the supposition that BCT

Figure 1. Effect of BCT on MM-CSCs proliferation and cell cycle distribution. Chemical structure of BCT (A). MM-CSCs were treated with vehicle control or increasing con-
centrations of BCT for 24 h. Cells were stained with VPD450 for proliferation assays (B), or fixed, permeabilized and treated with the FxCycle DNA stain for cell cycle analy-
ses (C). Cell proliferation and DNA content were quantified by flow cytometry (at least 10,000 cells counted) as described in Materials and Methods. The percentage of
MM-CSCs in each cell cycle phase was calculated using the Attune software provided by the manufacturer (C). Results represent the means § SEM of at least 3 indepen-
dent experiments. Percentage of non-proliferating MM-CSCs (�), MM-CSCs in G1 phase (

�), S phase (x) or G2 phase (C) significantly different from control values as deter-
mined by a one-way ANOVA, followed by Bonferroni multiple comparison test (p < 0.05).

CANCER BIOLOGY & THERAPY 967



may act on MM-CSCs, it was of interest to study the impact of
BCT on MM-CSCs. To address these questions, specific experi-
ments were designed to determine the impact of BCT on: 1) the
proliferation/viability of MM-CSCs, 2) the migration of MM-
CSCs, 3) angiogenesis, and 4) the possible mechanism of action
by which BCT exerts antiproliferative effects in MM-CSCs.

Results

BCT inhibits the proliferation of MM-CSCs and induces cell
cycle arrest

The effect of BCT on the growth of MM-CSCs was examined
using the MTT assay. A 72 h treatment with BCT inhibited
MM-CSCs growth in a dose-dependent manner with an IC50

value of 77.0 § 4.9 nM. As bortezomib (BTZ) has been demon-
strated to reduce the fraction of RPMI-8226- and AMO1-
derived cancer stem cells,14 it was used as positive control for
this assay, and an IC50 value of 8.9 § 1.1 nM for BTZ was
found in MM-CSCs.

To obtain a more informed evaluation of the effects of BCT
on cell proliferation, flow cytometric analysis using VPD450
staining was employed. A 24 h treatment with BCT inhibited
cell proliferation in a dose-dependent manner (Fig. 1B). Vehi-
cle control-treated MM-CSCs displayed a negligible percentage
of non-proliferating cells of 2.4 § 1.2%, and a significant reduc-
tion of proliferation was observed at doses as low as 25 nM. The
percentage of non-proliferating MM-CSCs was further
increased to reach a plateau starting at 200 nM.

The effect of BCT on cell cycle distribution was evalu-
ated by analyzing the DNA content of MM-CSCs treated
with BCT for 24 h using the DNA specific FxCycle violet
stain. The amount of cells in the G1 phase was significantly
increased from 42.0 § 1.1% in vehicle control to
53.4 § 2.2, 59.8 § 1.2, and 53.0 § 2.6% at 50, 100 and
200 nM BCT, respectively. This increase was no longer
observed at doses higher than 200 nM (Fig. 1C). In the S
and G2 phases, a significant decrease was observed at
100 nM BCT (24.9 § 1.1 and 15.3 § 1.1%) in comparison
to the vehicle control (33.9 § 1.8 and 24.2 § 1.1%), respec-
tively (Fig. 1C). In addition, a cellular count was performed
at the time of treatment (T D 0 h) and 24 h after the addi-
tion of BCT (Fig. S1). Results indicated that starting at
100 nM, the cell count was similar to that at T D 0 h. This
combined to the cell cycle distribution suggested that treat-
ment with BCT led to an accumulation of MM-CSCs in the
G1 phase at moderate doses (50, 100 and 200 nM). At
higher doses (300 and 400 nM), it appears as if BCT halted
the progression through the cell cycle, rather than causing
an accumulation in a certain cell cycle phase.

BCT induces MM-CSCs death and apoptosis

The effects of BCT on the viability and mortality of MM-CSCs
was then examined using the calcein/ethidium homodimer (EH)
flow cytometric staining as described in Materials and Methods.
It was found that a 24 h BCT treatment caused a significant
reduction in the amount of viable cells (calceinC EH-), as well as
a significant increase in the amount of dying (calceinC EHC)

and dead (calceinC EH-)MM-CSCs in a dose-dependent manner
(Fig. 2A). After assessing the extent of cell death in MM-CSCs in
response to BCT, annexin V/PI staining was used to assess
whether or not MM-CSCs were undergoing apoptotic cell death
in response to BCT treatment. The proportion of annexin VC

MM-CSCs augmented significantly starting at 600 nM (Fig. 2B),
indicating that BCT induced apoptosis after a 24 h treatment in a
dose-dependent manner. Taken together, these results suggest
that BCT is cytotoxic toMM-CSCs starting at 600 nM.

BCT may act through the Notch signaling pathway in
MM-CSCs

The effect of BCT on CSCs specific genes was evaluated by
qPCR. Significant increases were observed in the mRNA level
of genes representing either direct members or important
targets of the Notch pathway, including Notch1, HES1, PBX1,
and RUNX1,15-17 indicating that BCT may activate the Notch
pathway in MM-CSCs (Fig. 3A).

Figure 2. Effect of BCT on MM-CSCs viability. MM-CSCs were treated with vehicle
control or increasing concentrations of BCT for 24 h, and then stained with calcein
AM/ethidium homodimer for cell viability/death (A), or annexin V/propidium
iodide for apoptosis (B). As described in Materials and Methods, live/dead and apo-
ptotic cells were quantified by flow cytometry (at least 10,000 cells were counted),
and the percentage of live, dying, dead, or apoptotic cells was determined using
the software provided by the flow cytometer manufacturer. Results represent the
means § SEM of at least 3 independent experiments. Percentage of living (�),
dying (x), dead (C), or apoptotic MM-CSCs (�) significantly different from control
values as determined by a one-way ANOVA, followed by Bonferroni multiple com-
parison test (p < 0.05).
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Having observed alterations in the gene expression of Notch
pathway members, the effect of BCT in MM-CSCs was evalu-
ated in the presence of an inhibitor of the Notch pathway, the
g-secretase inhibitor RO4929097 (RO).18 RO has been shown
to inhibit g-secretase with an IC50 of 4 nM, cellular processing
of Ab40 with an IC50 of 14 nM, and the production of intracel-
lular Notch with an IC50 of 5 nM.18 MM-CSCs were pretreated
with RO for 24 h, and the effects of BCT on mRNA levels of

the genes involved in the Notch signaling pathway and on cell
proliferation were evaluated. Results showed that treatment of
cells with RO alone did not affect the mRNA level of these
genes (Fig. S2A-D), nor did it show any effect on MM-CSCs
proliferation (Fig. S2E). Surprisingly, and contrary to our
expectation that RO would reverse the effect of BCT on gene
expression, pretreatment of MM-CSCs appeared to further
increase the BCT effect on the mRNA levels of Notch1, HES1,

Figure 3. Effect of BCT, with or without RO, on the mRNA level of members of the Notch signaling pathway in MM-CSCs. (A) MM-CSCs were treated with vehicle control or
increasing concentrations of BCT for 24 h. (B) For experiments involving RO, MM-CSCs were pretreated with vehicle control or 10 mM RO for 24 h, followed by increasing
concentrations of BCT for 24 h. mRNA was collected for gene expression analysis as described in Materials and Methods. Relative mRNA expression of Notch1, HES1, PBX1,
RUNX1 in MM-CSCs after BCT, or BCT C RO treatment is shown. Each bar represents the mean § SEM of 3 independent experiments. �Values significantly different from
vehicle control, as measured by one-way ANOVA followed by Bonferroni multiple comparison test (p < 0 .05). CValues significantly different from control treated cells
(BCT alone) as determined by a 2-way ANOVA (p < 0.05).
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RUNX1. RO pretreatment did not affect PBX1 the same way it
affected Notch1, HES1 and RUNX1, meaning that RO pretreat-
ment may have blocked PBX1 upregulation (Fig. 3B). However,
when compared to NSCs, Notch1 expression in MM-CSCs was
significantly lower (Fig. 4A); and pretreatment of MM-CSCs
with 10 mM RO appeared to reverse the BCT-induced effects
on cell proliferation (Fig. 4B), indicating that BCT may exert its
antiproliferative effects on MM-CSCs via Notch.

BCT inhibits MM-CSCs migration and exhibits
anti-angiogenic properties in vitro

To address the impact of BCT on MM-CSCs migratory abili-
ties, the in vitro scratch assay was selected. The premise of this
assay is that upon creating a scratch on a confluent MM-CSCs
layer, cells located on the edge of the scratch will migrate to fill
the empty space created by the scratch.19 BCT treatment
potently inhibited the migration of MM-CSCs in a dose-depen-
dent manner, with significant results observed with

concentrations as low as 25 nM. With vehicle control treat-
ment, cells completely filled the scratch after 24 h. However,
with increasing BCT concentrations, the scratch space gradu-
ally stayed unfilled (Fig. 5). At 100 nM, cells did not refill at all
the empty space created by the scratch, indicating that the
migratory ability was totally abolished at that concentration
(Fig. 5). To confirm that this effect was indeed due to the inhi-
bition of migration, cell proliferation at confluence and dou-
bling time were evaluated. When confluent, the MM-CSCs
proliferation was minimal (Fig. S3A) and the MM-CSCs dou-
bling time was evaluated to be about 16 h (Fig. S3B). With this
information, the migration assay was repeated with a treatment
time of only 8 h and results showed that BCT also inhibited
MM-CSCs migration (Fig. S3C). This suggests that scratch
refilling was mainly due to cell migration.

Given these results, an optimized 3-dimensional in vitro
model was used for the assessment of angiogenesis. This 3D
assay models angiogenesis in multiple respects, as it involves
human umbilical vein endothelial cells (HUVECs) undergoing
a complex process that requires several morphological changes
in order to establish tube formation, such as degradation of the
basement membrane by secreted proteases, sprouting, align-
ment, proliferation, lumen formation, branching, and anasto-
mosis. Results indicated that BCT potently inhibited
angiogenesis. Treatment caused a significant reduction in all
angiogenic parameters measured. This included the total
branch length (Fig. 6), total segment length, number of anchor-
age junctions, branches, segments, junctions and nodes
(Fig. S4). Significant differences started between 12.5 and
50 nM, depending on the parameter, and decreased in a dose-
dependent manner. Representative pictures of the effects of
BCT on angiogenesis are displayed in Fig. S5.

Discussion

The CSCs paradigm offers a plausible explanation for the devel-
opment of multidrug resistance to conventional therapies and
tumor recurrence in MM. As conventional therapies mostly
eliminate only non-CSCs, therapies that target CSCs or both
non-CSCs and CSCs could be of significant clinical impact.
Therapies capable of targeting CSCs could eliminate the tumor
by attrition if they are used alone, or by cooperation with con-
ventional therapies that target non-CSCs. Thus, CSCs represent
an attractive target as their inhibition may have profound clini-
cal implications with respect to resistance, tumor recurrence,
metastasis and angiogenesis. However, compounds that target
MM-CSCs remain clinically unavailable.

The purpose of this study was to thoroughly examine the
effects of BCT on MM-CSCs proliferation. BCT has been previ-
ously shown to interfere with the viability of U266, H929 and
RPMI 8226 myeloma cells in vitro. More importantly, upon
RPMI 8226 cells inoculation in a mouse xenograft model, BCT
prevented tumor regeneration and resulted in regression of
already established tumors.2 Preliminary MTT assays suggested
that BCT may exhibit cytostatic effects on MM-CSCs in the
nanomolar range. However, to obtain a more informed evalua-
tion of the effects of BCT on cell proliferation, flow cytometric
analysis using VPD450 staining was employed. VPD450 is a
proliferation dye that is cleaved by an esterase upon diffusion

Figure 4. Effect of RO on BCT-induced inhibition of MM-CSCs proliferation. mRNA
was collected from NSCs and MM-CSCs for gene expression analyses as described
in Materials and Methods, and relative mRNA expression of Notch1 is shown (A).
MM-CSCs were pretreated with vehicle control or 10 mM RO for 24 h, followed by
increasing concentrations of BCT for 24 h. MM-CSCs were then stained with
VPD450 as described in Materials and Methods. Proliferation was quantified by
flow cytometry (at least 10,000 cells were counted), and the percentage of non-
proliferating MM-CSCs in response to each condition was determined using the
software provided by the flow cytometer manufacturer (B). Results represent the
means§ SEM of at least 3 independent experiments. �Values significantly different
from control NSCs, as determined by unpaired t-test (p < 0 .05). CPercentage of
treated non-proliferating cells (10 mM RO C BCT) significantly different from con-
trol treated cells (BCT alone) as determined by a 2-way ANOVA (p < 0.05).
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through the cytoplasmic membrane and becomes highly fluo-
rescent within viable cells.20 It showed that BCT potently inhib-
ited the proliferation of MM-CSCs. These results provided a
rational explanation for the tumor prevention growth observed
in our previous studies.

In addition, previously published results showed that BCT
induced apoptosis in RPMI 8226, U266 and H929 MM cell lines
in a caspase-dependent manner.2 This, combined with the obser-
vation that BCT resulted in a significant increase of apoptosis in

tumors derived from animals established from the inoculation of
RPMI 8226 cells in mouse xenograft studies, prompted us to
examine whether BCT was cytotoxic toward MM-CSCs. For this
reason, calcein/EH staining and annexin V/PI were used and
showed that BCT induced MM-CSCs death and apoptosis.

The Notch signaling pathway is highly conserved and involved
in a number of key cellular processes, including proliferation, dif-
ferentiation, apoptosis and angiogenesis.21 The activation of this
pathway has been shown to be involved in a number of

Figure 5. Effect of BCT on MM-CSCs migration. Confluent MM-CSCs were scratched using a 10 mL pipette tip, and photos of the scratch were taken immediately after the
scratch. MM-CSCs were then treated with vehicle control or increasing concentrations of BCT for 24 h. Additional photos were taken at the exact same spot as before
treatment in order to view differences in migration. Results are representative of 3 independent experiments (scale bar D 200 mm), and quantification of the migration
effect was conducted as described in Materials and Methods. �Anti-migratory effect significantly different from vehicle control values as determined by a one-way ANOVA,
followed by Bonferroni multiple comparison test (p < 0.05).
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malignancies, including T-cell leukemia, breast cancer and pancre-
atic cancer.22-25 In contrast, a growing number of studies showed
that this pathway played tumor suppressive roles in liver, head
and neck, and haematopoietic malignancies. With respect to
hematological malignancies, mutations in the Notch pathway
genes have been identified in chronic myelomonocytic leukemia
(CMML), and in vivo loss of Notch signaling resulted in a
CMML-like disease in mice.26 Moreover, Lobry et al. showed that
Notch signaling was silenced in both human primary acute mye-
loid leukemia (AML) samples and animal models of the disease.22

Interestingly, the mRNA expression of Notch1 and HES1, but not
that of Notch2, was significantly decreased in both human AML
samples and AML-CSCs in comparison to normal CD34C haema-
topoietic stem and progenitor cells. In vitro and in vivo activation
of Notch signaling induced rapid cell cycle arrest, differentiation,
and apoptosis of AML-CSCs cells, whereas Notch inactivation was
found to contribute to an AML-like disease in vivo.22 Taken
together, these results provide compelling evidence that 1) Notch
signaling may function as a tumor suppressor in hematological
malignancies such as AML, 2) Notch receptor agonists may be a
potential therapeutic target in AML.22 In alignment with the stud-
ies conducted by Lobry et al.,22,26 results from the present study
demonstrated that the expression of Notch1 was downregulated in
MM-CSCs when compared to NSCs. BCT treatment resulted in a
significant up-regulation of the expression of several Notch path-
way members or associates, particularly Notch1 and its down-
stream target HES1, but did not appear to affect Notch2 (data not
shown). Furthermore, the use of a g-secretase inhibitor (RO)
reversed the effects of BCT on MM-CSCs proliferation. Taken
together, these results suggest a possible involvement of the Notch
signaling pathway in mediating the antiproliferative effects of BCT
in MM-CSCs. The increase in mRNA expression of Notch1, HES1
and RUNX1, but not PBX1, by BCT after RO pretreatment points
out to a differential regulation of Notch gene targets. In addition,
a plethora of recent evidence suggests the existence of non-canoni-
cal Notch signaling mechanisms and cross-talks with other signal-
ing pathways.27 As a consequence, the regulation of both Notch
activation and Notch inhibition is complex and context-

dependent. For instance, RO treatment effectively inhibited the
growth of glioma CSCs and suppressed the expression of various
Notch target genes,28 whereas in breast CSCs RO increased self-
renewal although it downregulated Notch targets.29 These effects
were not observed in the context of MM-CSCs. Therefore, in the
context of MM-CSCs/RO pretreatment, BCT could exhibit differ-
ent effects on the tested Notch target genes. Given that Notch1,
HES1, PBX1 and RUNX1 are not the only Notch targets, further
studies are needed to characterize how downstream Notch targets
affect MM-CSCs proliferation.

CSCs have been demonstrated to have the ability to migrate,
invade and colonize distant locations. These migratory abilities
are subsequently responsible for metastatic dissemination.30

On the other hand, accumulating evidence indicated that CSCs
and angiogenesis exhibited a mutual cooperative effect on
tumor growth, and the ablation of tumor vessels is a desired
effect as it could reduce the fraction of CSCs.31 For instance,
glioma-derived CSCs have been shown to be an essential source
of angiogenic factors, including vascular endothelial growth
factor (VEGF), which resulted in an amplified endothelial
migration and tube migration in vitro and in vivo.31-33 In con-
trast, angiogenic inhibition in xenografts tumors led to a deple-
tion of brain tumor CSCs and arrested tumor growth,
indicating that brain tumor CSCs depended on tumor vascula-
ture.34 Having observed that BCT was capable of inhibiting
both MM-CSCs migration and HUVECs angiogenesis in vitro,
this suggests that BCT is a multi-target molecule worth pursu-
ing in MM disease models.

This is one of the early reports demonstrating the potential
of a natural product to inhibit the growth of MM-CSCs. In this
study, evidence is provided that BCT was capable of inhibiting
the proliferation of MM-CSCs, as well as inducing cell cycle
arrest, cell death and apoptosis in MM-CSCs. These effects
were possibly mediated by the Notch signaling pathway. BCT
also showed potent inhibition of both MM-CSCs migration
and angiogenesis in vitro. Unlike BCR-Abl-dependent leukemia
and HER-2-dependent breast cancer, which are single-gene-
dependent carcinomas, MM is a disease that involves multiple
genetic lesions in several signaling pathways.35 Therefore, a
multi-targeted therapy is desirable. The capability of BCT to
inhibit multiple processes important for the development of
cancer provides a strong indication of the potential value of
this compound. Further development including more advanced
testing in relevant MM models is clearly warranted.

Materials and methods

Chemicals and biologicals

BCT was obtained from the National Cancer Institute. BTZ and
RO were purchased from Selleckchem. MTT, calcein, and EH
were purchased from Sigma Aldrich. Phosphate buffered saline
was purchased from Life Technologies.

Cell culture

Human MM-CSCs were purchased from Celprogen. MM-
CSCs were derived from the bone marrow of a MM patient.
MM-CSCs are CD44C, CD166C and CD138¡. These

Figure 6. Effect of BCT on angiogenesis. Cultures were prepared and treated with
vehicle control or increasing concentrations of BCT for 4 d to follow sprout evolu-
tion as described in Materials and Methods. The effect of BCT on the total branch
length/sphere formed by HUVECs is displayed. Results represent the means § SEM
of at least 3 independent experiments. �Anti-angiogenic effect significantly differ-
ent from vehicle control values as determined by a one-way ANOVA, followed by
Dunett multiple comparison test (p < 0.05).
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markers have previously been used to identify CSCs derived
from a variety of tumors.36 According to Celprogen, the
tumorigenicity of MM-CSCs is < 1000 cells. MM-CSCs
were maintained in MM-CSCs complete growth medium
(Celprogen). Experiments using MM-CSCs were conducted
at cell passages between 4 to 12. Normal haematopoietic
stem cells (NSCs), that are CD34C, were purchased from
Life Technologies. NSCs were grown in StemPRO-34
medium (Life Technologies), supplemented with Cytokine
Mix E (PromoCell). HUVECs and normal human dermal
fibroblasts NHDFs were obtained from PromoCell.
HUVECs were grown in endothelial complete growth
medium 2 combined with 2% Supplement Mix (PromoCell).
NHDFs cells were grown in complete fibroblast growth
medium supplemented with 5 mg/mL insulin and 1 ng/mL
human basic fibroblast growth factor. Experiments using
HUVECs and NHDFs cells were conducted at cell passages
between 2 to 7. All cell types were passaged every 2–3 days,
and were maintained in a humidified atmosphere supple-
mented with 5% CO2 at 37�C (standard conditions).

General experimental procedures

For cell proliferation, cell cycle analysis, live/dead cell, and
annexin V/PI assays, MM-CSCs were seeded in 12-well plates
at a density of 30,000 cells per well. MM-CSCs were allowed to
adhere for 24 h under standard conditions and then treated
with increasing concentrations of BCT for 24 h. For mechanis-
tic studies that utilize the g-secretase inhibitor RO, MM-CSCs
were seeded in 12-well plates at a density of 30,000 cells per
well. MM-CSCs were allowed to adhere for 24 h under standard
conditions and then treated with vehicle control or 10 mM of
RO for 24 h. After this, 0, 25 or 50 nM of BCT were added for
24h. Flow cytometric analyses were conducted on the Attune
Acoustic Focusing Flow Cytometer (Applied Biosystems, Life
Technologies).

MTT viability assay

The MTT viability assay was used to evaluate the growth inhib-
itory activity of BCT and performed as previously
described.37,38 Briefly, MM-CSCs were seeded in 96-well plates
at a density of 5,000 cells per well. The cells were allowed to
adhere for 24 h under standard conditions and then treated
with increasing concentrations of BCT (0 – 400 nM). After a
72 h incubation, 20 mL of MTT solution (5 mg/mL) were added
to the cells for 2 h. The media and MTT mixture were aspirated
and the formazan-containing cells were solubilised in 100 mL of
DMSO. The percentage of cell viability was calculated as the
absorbance of each test well divided by that of the vehicle con-
trol wells and then multiplied by 100. The concentration that
resulted in a 50% reduction in viability (IC50) was determined
from at least 5 different concentrations using GraphPad Prism
5.0 software.

Cell proliferation

Following treatment with BCT, floating and adherent MM-
CSCs were collected, washed with PBS, counted or adjusted to

106 cells/mL in PBS for proliferation assay. MM-CSCs were
incubated with the violet proliferation dye 450 (VPD450, BD
Bioscience) for 15 min at 37�C. Cell proliferation analyses were
conducted using the Attune flow cytometer according to the
manufacturer’s protocol.20

Cell cycle analysis

Following treatment with BCT, floating and adherent cells were
collected, fixed and permeabilized with Fix and Perm reagents
(Life Technologies), washed with PBS, adjusted to 106 cells/mL
in PBS, and incubated with the DNA selective stain FxCycle (Life
Technologies) at room temperature for 30 min according to the
manufacturer’s instructions.39 After the incubation period, cell
cycle analysis was conducted using the Attune flow cytometer.

Viability and apoptosis staining

MM-CSCs were analyzed by flow cytometry using calcein/EH
to quantify live/dead cells and annexin V/PI (Life Technolo-
gies) staining to quantify apoptotic cells as previously
described.40,41 Following treatment with BCT, floating and
adherent cells were collected, washed with PBS, adjusted to 106

cells/mL, and incubated with the corresponding stain at room
temperature for 15 min. After the incubation period, cells were
analyzed using the Attune flow cytometer.

Quantitative real-time PCR analysis of mRNA expression

NSCs and MM-CSCs (following treatment with BCT § RO)
were lysed according to the manufacturer’s instructions (Bio-
Rad), and total RNA was isolated from cell lysates using the
Aurum total RNA Mini Kit. RNA (0.5 mg) was reverse-tran-
scribed using the “high capacity total RNA to cDNA” Reverse
Transcriptase (Life Technologies) and a PCR standard thermal
cycler (Applied Biosystems). One mL of the cDNA product was
amplified by quantitative PCR using 125 nM gene-specific pri-
mers in a total volume of 20 mL using a SYBR Green PCR Kit
(Applied Biosystems) and a Step One Plus real-time PCR ther-
mal cycler (Applied Biosystems). Custom primers for GAPDH,
18S, Notch1, HES1, PBX1 and RUNX1 were designed on http://
bioinfo.ut.ee/primer3-0.4.0/ and purchased from Life Technol-
ogies.42,43 Relative gene expression was normalized to the aver-
age of 2 housekeeping genes 18S and GAPDH using the DDCT
method.44

Cell migration assay (scratch assay)

Scratch assays were conducted as previously described.19 MM-
CSCs were seeded in 24-well plates at a density of 100,000 cells
per well. MM-CSCs were allowed to adhere for a period of 24 h
during which the wells were completely covered with a mono-
layer of MM-CSCs. A scratch was drawn in each well using a
10 mL pipette tip and photos were taken shortly afterwards
using the Cytation 3 Cell Imaging Reader (Biotek). MM-CSCs
were then treated with increasing concentrations of BCT for
24 h. The CellTracker Green CMFDA Dye (Life Technologies),
a fluorescent dye designed for the monitoring of cell move-
ment, was added onto the cells for 30 minutes; scratch was
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then inflicted, and increasing doses of BCT were added for 8 h.
Photos of the same spot in each well were then taken to demon-
strate migration inhibitory capabilities of BCT. A quantification
of the inhibitory effect of BCT on migration was conducted by
dividing the width of the same scratch at 24 h by that at 0 h
and multiplied by 100 to denote the percent unfilled space; the
percent recovery was calculated as the percent unfilled space
subtracted from 100.

Angiogenesis assay

The angiogenesis assay was conducted as previously described
with a few modifications.45 Briefly, fibrin bead assays were
employed to analyze the 3D sprouting of HUVECs from the
surface of dextran-coated cytodex 3 microcarrier beads embed-
ded in fibrin gels (GE Healthcare). HUVECs were mixed with
cytodex 3 microcarrier beads at a cell density of 400 HUVECs
per bead in a solution of 1000 beads/ml EGM-2 medium. Beads
and HUVECs were co-incubated at 37�C and 5% CO2 and
gently shaken every 20 min for 4 h to allow HUVECs to adhere
to the bead surface. HUVEC-coated beads were then trans-
ferred to a 75 cm2 tissue culture flask and incubated for 24 h.
After incubation, HUVEC-coated beads were collected and
resuspended at a density of 500 cell-coated beads/mL in a solu-
tion of fibrinogen type I (2.5 mg/mL) containing aprotinin
(0.15 U/mL). VEGF (10 ng/mL) was added to the bead suspen-
sion. Eighty mL of fibrinogen type I-aprotinin-coated beads
solution were gently mixed and allowed to clot for 2 min at
room temperature and then at 37�C and 5% CO2 for 30 min to
promote gel formation. Thrombin (0.04 U) was added to each
well and mixed gently. One hundred twenty mL of ECGM-2
medium containing VEGF (5 ng/mL) were added to each well
and equilibrated with the bead-containing gels for 30 min at
37�C and 5% CO2. Afterwards, 3700 NHDF were added on top
of the gel and allowed to adhere. After 1 h, ECGM-2 was
replaced by fresh medium with or without test compounds.
Culture medium was replaced after 24 h, and then every 48 h.
Sprouting appeared between 2 and 3 d incubation. Cultures
were imaged at day 4. In order to quantify the sprouting micro-
vessel network, samples were automatically scanned with a
high throughput imager (IXM, Molecular Device) at 4x magni-
fication at 4 sites of each well in order to cover the entire sur-
face of the well. Morphometric parameters of the vessel
network were measured using a plugin for the ImageJ software
derived from the Angiogenesis Analyzer.46

Statistical analysis

Each experiment was repeated at least 3 times. All data are
expressed as mean § SEM. An unpaired t-test was used for
statistical comparison of experiments involving 2 groups.
One-way analysis of variance (ANOVA) was used for multi-
ple comparisons in experiments with one independent vari-
able. Two-way ANOVA was used for multiple comparison
procedures in experiments with 2 independent variables. A
Bonferroni or a Dunett test was used for post-hoc analysis
of the significant ANOVA. A difference in mean values
between groups was considered to be significant when p �
0.05.
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