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Abstract

We showed previously that zerumbone (ZER), a sesquiterpene isolated from subtropical ginger,

inhibited in vitro (MCF-7 and MDA-MB-231 cells) and in vivo (MDA-MB-231 cells) growth of

human breast cancer cells in association with apoptosis induction. Here, we investigated the role

of Notch receptors in anticancer effects of ZER (cell migration inhibition and apoptosis induction)

using breast cancer cells. Western blotting was performed to determine protein expression

changes. Effect of ZER on transcriptional activity of Notch was assessed by luciferase reporter

assays. Transfection with small hairpin RNA or small interfering RNA was performed for

knockdown of Notch2 or Presenilin-1 protein. Cell migration and apoptosis were quantitated by

Boyden chamber assay and flow cytometry, respectively. Exposure of MDA-MB-231, MCF-7,

and SUM159 cells to ZER resulted in increased cleavage of Notch2 in each cell line. On the other

hand, levels of cleaved Notch1 and Notch4 proteins were decreased following ZER treatment.

Increased cleavage of Notch2 in ZER-treated cells was accompanied by induction of Presenilin-1

protein and transcriptional activation of Notch. Inhibition of cell migration as well as apoptosis

induction resulting from ZER exposure was significantly augmented by knockdown of Notch2

protein. ZER-mediated cleavage of Notch2 protein in MDA-MB-231 cells was markedly

attenuated upon RNA interference of Presenilin-1. Knockdown of Presenilin-1 protein also

resulted in escalation of ZER-induced apoptosis. The present study indicates that Notch2

activation by ZER inhibits its proapoptotic and anti-migratory response at least in breast cancer

cells.
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Introduction

The last two decades has witnessed remarkable progress toward early detection, risk-factor

recognition, genomic landscape mapping, and targeted therapy of breast cancer [1–5].

Despite these advances, however, the breast cancer continues to be a prominent cause of

mortality among women globally. In the United States alone >40,000 women succumb to

breast cancer every year [6]. Therefore, novel non-toxic preventive interventions effective

against major breast cancer subtypes are still desirable. Dietary phytochemicals owing to

their favorable safety profile continue to draw attention for possible prevention and

treatment of cancers [7]. Phytochemicals with anticancer activity against breast cancer have

been isolated and characterized from edible (e.g., phenethyl isothiocyanate from cruciferous

vegetables) as well as medicinal plants (e.g., withaferin A from Withania somnifera) [7–9].

Zerumbone (2,6,9,9-tetramethylcycloundeca-2,6,10-trien-1-one; hereafter abbreviated as

ZER), a monocyclic sesquiterpene isolated from the rhizome of tropical ginger (Zingiber

zerumbet), is one such promising phytochemical with in vivo activity against breast and

other cancers in preclinical models [10–15]. An early published in vivo study with ZER

showed a 46% reduction in frequency of azoxymethane-induced colonic aberrant crypt foci

in rats coupled with suppression of cyclooxygenase-2 after 5-week of dietary administration

at 0.05% [11]. A single topical 24 h pretreatment with ZER prior to carcinogen application

(dimethylbenz[a]anthracene) resulted in inhibition of mouse skin tumor incidence and

multiplicity by 60% and 80%, respectively, in ICR mice [12]. We have shown previously

that the in vivo growth of MDA-MB-231 human breast cancer cells implanted in female

athymic mice is significantly retarded by ZER administration in association with apoptosis

induction and suppression of cell proliferation (Ki-67 expression) [10].

Cellular in vitro studies using a variety of cancer cell types have offered wealth of

mechanistic insights into the anticancer effect of ZER. For example, ZER inhibited

proliferation of human colon cancer cells by inducing mitochondrial dysfunction leading to

apoptotic cell death [16]. Exposure of a normal rat liver cell line to ZER resulted in a

significant induction of glutathione S-transferase, whereas this effect was not evident with

its reduced analogues [17]. ZER was shown to abolish NF-κB and IκBα kinase activation in

a panel of human cancer cells leading to suppression of anti-apoptotic and metastatic gene

expression, induction of apoptotic cell death, and inhibition of cell invasion [18]. Cytotoxic

effect of ZER in leukemia cells was found to be mediated through cell cycle arrest and Fas-

and mitochondria-mediated apoptosis [19]. Modulation of Bax/Bcl-2 ratio favoring

apoptosis, inhibition of Sonic hedgehog/GLI-mediated transcription, and downregulation of

chemokine receptor CXCR4 concomitant with inhibition of CXCL12-induced breast and

pancreatic cancer invasion were also shown after treatment of cancer cells with ZER [20–

22].

Prior work from our laboratory has provided experimental evidence for apoptosis induction

by ZER in vitro and in vivo in human breast cancer cells [10]. Immortalized embryonic

fibroblasts from Bax and Bak double-knockout mice exhibited partial but statistically

significant resistance toward ZER-mediated apoptosis when compared with wild-type

fibroblasts [10]. The present study was undertaken to determine the role of Notch family
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receptors, which are known to be dysregulated in breast cancer [23], in anticancer effects

(inhibition of cell migration and apoptosis induction) of ZER. For example, high Notch1

protein expression was suggested to be an early event in breast carcinogenesis and

associated with the HER-2 molecular subtype [24]. Furthermore, a role for Notch2 in

regulation of breast cancer cell migration as well as apoptosis was also suggested previously

[25, 26].

Materials and methods

Chemicals, antibodies, and cell lines

ZER (purity >98%) was purchased from Sigma-Aldrich (St. Louis, MO). Reagents

necessary for cell culture, including fetal bovine serum and antibiotics, and Oligofectamine

were purchased from Invitrogen-Life Technologies (Carlsbad, CA). Antibodies for detection

of cleaved Notch1, Jagged1, Jagged2, Notch2, cleaved poly-(ADP-ribose)-polymerase

(PARP), cleaved caspase-3, Bcl-2, Presenilin-1, and Nicastrin were from Cell Signaling

Technology (Beverly, MA); an antibody specific against cleaved Notch2 was from EMD-

Millipore (Billerica, MA); anti- Notch4 (detects both full length and cleaved form) antibody

was from Santa Cruz Biotechnology (Dallas, TX); an antibody specific for immunodetection

of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was from GeneTex (Irvine, CA);

and anti-actin antibody was from Sigma-Aldrich. The Notch2 and Presinilin1-targeted small

interfering RNA (siRNA), Notch2-targeted small hairpin RNA (shRNA), and control

shRNA were purchased from Santa Cruz Biotechnology.. A nonspecific control siRNA was

purchased from Qiagen (Germantown, MD). MCF-7 and MDA-MB-231 cells were

purchased from American Type Culture Collection (Manassas, VA) and maintained as

described previously [27]. SUM159 cells (Asterand, Detroit, MI) were cultured as suggested

by the supplier.

Western blotting

Stock solution of ZER was prepared in dimethyl sulfoxide (DMSO). An equal volume of

DMSO (final concentration 0.1%) was added to controls. After treatment, cells were

collected and processed for western blot analysis as previously described [28]. Actin or

GAPDH band may be the same in some blots due to multiplexing. In some experiments, cell

lysates after 6 h treatment were also used for western blotting. However, the results at 6 h

are not shown because the data was inconsistent at this time point. Change in protein

expression was determined by densitometric scanning and corrected for actin or GAPDH

loading control.

Real-time reverse transcription-polymerase chain reaction (RT-PCR)

Total RNA from DMSO-treated control and ZER-treated cells was isolated using RNeasy

kit (Qiagen). First-strand cDNA was synthesized using Superscript reverse transcriptase

(Invitrogen-Life Technologies) with oligo (dT)20 primer. Primers were as follows: Notch2:

forward 5′-AATCCCTGACTCCAGAACG-3′, reverse 5′-

TGGTAGACCAAGTCTGTGATGAT-3′; GAPDH: forward 5′-

GGACCTGACCTGCCGTCTAGAA-3′, reverse 5′-GGTGTCGCTGTTGAAGTCAGAG-3′.

Sehrawat et al. Page 3

Breast Cancer Res Treat. Author manuscript; available in PMC 2015 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Quantitative real-time RT-PCR was done using 2× SYBR Green master mix (Applied

Biosystems-Life Technologies) with 55°C annealing (45 seconds for 40 cycles.

Luciferase reporter assay

The Hairy and enhancer of split-1 (HES-1A/B) and Hairy/enhancer-of-split related with

YRPW motif protein 1 (HEY-1) luciferase reporter constructs were generously provided by

Dr. Kimberly E. Foreman (Department of Pathology, Loyola University Medical Center,

Maywood, IL). Desired cells were transiently transfected with HES-1A/B or HEY-1 reporter

constructs and pRL-CMV using Fugene6. Twenty-four hours after transfection, cells were

treated with DMSO (control) or ZER (20 and 40 μM) for 12 or 24 hours. Luciferase activity

was determined using Dual-Luciferase Reporter Assay kit from Promega (Madison, WI).

Relative luciferase activity was normalized against protein concentration and renilla

luciferase activity.

Stable knockdown of Notch2 protein

The MDA-MB-231 or SUM159 cells were transfected with 2 μg of control shRNA or

Notch2-targeted shRNA using reagents from Santa Cruz Biotechnology. Cells with stable

knockdown of Notch2 (hereafter abbreviated as Notch2 shRNA) and control shRNA

transfected cells (control shRNA) were selected by culture in medium supplemented with 10

μg/mL of puromycin for 4 weeks.

Cell migration assay

Cell migration was determined using Transwell Boyden chamber containing 8 μm

polycarbonate filter as described by us previously [29].

RNA interference of Notch2 or Presinilin-1 and apoptosis assay

Cells were transfected at ~50% confluency with control nonspecific siRNA or siRNA

targeted against Notch2 or Presinilin-1 (100 nM) using Oligofectamine. Twenty-four hours

after transfection, cells were treated with DMSO (control) or ZER (20 or 40 μM) for 24 h.

Subsequently, cells were collected and processed for western blotting, cell migration and

apoptosis assays. Apoptosis induction was assessed by flow cytometry using Annexin V/

Propidium Iodide Apoptosis Detection kit according to the manufacturer’s instructions. In

brief, after treatment with DMSO or ZER for 24 h, cells were harvested and washed with

phosphate-buffered saline (PBS). Cells (1×105) were suspended in 100 μL of binding buffer,

and stained with 4 μL of Annexin V-FITC and 2 μL of propidium iodide solution for 30 min

at room temperature in the dark. Samples were then diluted with 200 μL of binding buffer

and stained cells were analyzed using a flow cytometer.

Results

Effect of ZER on protein levels of cleaved Notch receptors in human breast cancer cells

Western blotting was performed to determine the effect of ZER treatment on activation of

Notch, which in mammalian cells comprises four receptors (Notch1–4) [30], using human

breast cancer cells representing major subtypes (MDA-MB-231, MCF-7, and SUM159
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cells). Ligand-dependent Notch activation involves proteolytic cleavage to intracellular

domain and its subsequent translocation to the nucleus [30]. Levels of cleaved Notch1 and

Notch4 proteins were generally decreased upon treatment with ZER in all three cell lines

(Fig. 1a). In sharp contrast, ZER treatment resulted in an increase in levels of cleaved

Notch2 protein (Fig. 1a). For example, the level of cleaved Notch2 protein was increased by

up to 20-fold after ZER treatment in comparison with DMSO-treated control in MDA-

MB-231 cells (40 μM, 12 h treatment). In general, ZER-mediated increase in Notch2

cleavage was more pronounced at 12 h time point in comparison with 24 h treatment in each

cell line (Fig. 1a). On the other hand, level of total Notch2 protein was generally reduced

after treatment with ZER in MDA-MB-231, MCF-7, and SUM159 cells (Fig. 1b). As can be

seen in Figure 1c, ZER exposure also resulted in downregulation of Notch2 mRNA

expression in each cell line as revealed by RT-PCR. Based on these results, we conclude that

decrease in total Notch2 protein level after treatment of breast cancer cells with ZER is due

to cleavage as well as transcriptional repression. These results also indicated differential

effect of ZER on Notch2 versus Notch1 and Notch4 protein in each cell line.

ZER exposure resulted in induction of Presenilin-1 protein

To gain insights into the increase in levels of cleaved Notch2 upon treatment with ZER,

western blotting was performed for its ligands (Jagged1 and Jagged2) and γ-secretase

complex components Presenilin-1 and Nicastrin (Fig. 2). Levels of both Jagged1 and

Jagged2 were markedly suppressed after ZER treatment in MDA-MB-231, MCF-7, and

SUM159 cells (Fig. 2). Likewise, ZER exposure resulted in downregulation of Nicastrin

protein in each cell line at least at the 24 h time point. To the contrary, protein level of

Presenilin-1 was clearly increased upon ZER treatment that varied between 3–12 fold in

MDA-MB-231 cells, 2–5 fold in MCF-7 cells, and >5–>10 fold in SUM159 cells (Fig. 2).

These results suggested that Notch2 cleavage after treatment with ZER might be related to

induction of Presenilin-1 protein.

Effect of ZER on transcriptional activity of Notch

Because of opposite effects of ZER on levels of cleaved Notch2 versus cleaved Notch1 and

Notch4 proteins, it was of interest to determine the impact of these changes on overall

transcriptional activity of Notch. We approached this question by determining the effect of

ZER on luciferase activities associated with downstream targets of Notch, including

HES-1A/B and HEY1. The HES-1 and HEY-1, which are members of the basic helix-loop-

helix family of transcriptional repressors are two independent primary targets of Notch [30,

31]. Exposure of MDA-MB-231 cells to ZER resulted in transcriptional activation of Notch

as evidenced by an increase in HES-1A/B (Fig. 3) and HEY-1 (Fig. 4) luciferase reporter

activities. ZER-mediated increase in HES-1A/B activity was obvious especially at the 24 h

time point in each cell line (Fig. 3, 4). These results suggested that ZER might increase

Notch transcriptional activity.
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ZER-mediated inhibition of MDA-MB-231 cell migration was augmented by knockdown of
Notch2

Because Notch2 activation was accompanied by an overall increase in Notch transcriptional

activity (Fig. 3 and 4), we focused on this isoform to determine its role in cellular responses

to ZER. Stable and transient knockdown of Notch2 protein in MDA-MB-231 cells was

achieved by using shRNA and siRNA, respectively (Fig. 5a). Consistent with our previous

observations [25, 32] knockdown of Notch2 itself inhibited MDA-MB-231 cell migration

(Fig. 5b). In addition, ZER-mediated inhibition of cell migration was significantly

augmented by Notch2 protein knockdown after transfection of MDA-MB-231 cells with

shRNA (stable) as well as siRNA (transient) targeted against Notch2 (Fig. 5c). These results

indicated that Notch2 activation by ZER impeded its inhibitory effect on MDA-MB-231 cell

migration.

ZER-mediated apoptosis was augmented by Notch2 knockdown

Previous studies have shown that overexpression of intracellular domain of Notch2 triggers

modest apoptosis in MDA-MB-231 cells even without any exogenous stimuli [26]. We

therefore raised the question of whether proapoptotic effect of ZER was affected by Notch2

status. Fig. 6a shows flow histograms for apoptotic fraction (early and late apoptotic cells) in

MDA-MB-231 cells stably transfected with the control shRNA or Notch2 shRNA and

treated for 24 h treatment with DMSO (control) or ZER. Notch2 knockdown alone exhibited

about 2-fold increase in early + late apoptotic fraction (Fig. 6a). Proapoptotic effect of ZER

was intensified at both doses after stable knockdown of Notch2 protein (Fig. 6b). The

enrichment of apoptosis was quantified relative to control shRNA cells treated with DMSO

(Fig. 6b). Consistent with these results, ZER-mediated cleavage of PARP and procaspase-3

was markedly more pronounced in cells transfected with the Notch2 shRNA when compared

with control shRNA-transfected MDA-MB-231 cells (Fig. 6c). Downregulation of anti-

apoptotic Bcl-2 protein resulting from ZER exposure was also more pronounced in Notch2

silenced cells than in control shRNA transfected cells (Fig. 6c) providing explanation for

increased sensitivity of Notch2 shRNA cells to ZER-induced apoptosis. These results

indicated that similar to cell migration, apoptosis induction by ZER was attenuated by

Notch2 activation. However, knockdown of Notch2 alone had only modest impact on

apoptosis as the difference between control shRNA and Notch2 shRNA cells was

statistically insignificant.

Effect of Notch2 knockdown on cell migration inhibition and apoptosis induction by ZER
in SUM159 cells

Figure 7a shows knockdown of Notch2 protein in SUM159 cells after stable transfection

with shRNA. Similar to MDA-MB-231 cells (Fig. 6c). Cleavage of PARP after treatment

with ZER was relatively more pronounced in Notch2 silenced cells than in SUM159 cells

stably transfected with control shRNA (Fig. 7a). In agreement with these results, ZER-

induced apoptosis in SUM159 cells was significantly augmented by Notch2 knockdown

(Fig. 7b). Effect of ZER treatment on SUM159 cell migration is shown in Figure 7c. Similar

to MDA-MB-231 cells (Fig. 5c), inhibition of cell migration resulting from ZER treatment

was significantly augmented by Notch2 knockdown in SUM159 cells (Fig. 7d).
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Collectively, these results indicated that modulation of ZER-mediated cell migration

inhibition and apoptosis induction after Notch2 knockdown is not a cell line-specific

phenomenon.

RNA interference of Presenilin-1 also augmented ZER-mediated apoptosis

Because ZER treatment resulted in induced expression of Presenilin-1 protein (Fig. 2), we

further probed into the questions of whether Notch2 activation was related to this effect. The

level of Presenilin-1 protein was decreased by >99% upon transient transfection of MDA-

MB-231 cells with a siRNA specific for this protein when compared with control siRNA-

transfected cells (Fig. 8a). RNA interference of Presenilin-1 also resulted in 50% decrease in

cleaved Notch2 protein level especially at the 40 μM dose (Fig. 8a). Transient transfection

with the Presenilin-1 siRNA alone had minimal effect on apoptosis as determined by

Annexin V-FITC/propidium iodide method (Fig. 8b). On the other hand, ZER-induced

apoptosis at both concentrations was significantly more pronounced in MDA-MB-231 cells

transfected with the Presenilin-1 siRNA compared with those transfected with the control

siRNA (Fig. 8c). Two conclusions can be drawn from these experiments: (a) Notch2

activation resulting from ZER treatment is partially due to Presenilin-1 induction; and (b)

Presenilin-1 induction negatively regulates proapoptotic effect of ZER due to increased

Notch2 activation.

Discussion

Data continues to accumulate to implicate Notch signaling in breast cancer development

[33–38]. For example, high level of Jagged1 mRNA and protein expression is considered a

predictor of poor outcome in breast cancer [33]. Overexpression of activated murine Notch1

and Notch3 in transgenic mice blocks mammary gland development but induces mammary

tumors [34]. High co-expression of Jagged1 and Notch1 in human breast cancer is also

associated with poor overall survival [36]. More recent studies have also implicated Notch1

and Notch4 in regulation of breast cancer stem cells [39, 40]. From these published reports,

it is clear that Notch1, Notch3, and Notch4 have oncogenic role at least in breast cancer. The

present study shows that ZER treatment not only decreases levels of cleaved Notch1 and

Notch4 but also downregulates expression of their ligands Jagged1 and Jagged2. Noticeably,

these effects of ZER are not influenced by the hormone receptor status of breast cancer cells.

We have already shown previously that the in vivo growth of MDA-MB-231 xenografts is

inhibited upon ZER administration [10]. Because of inhibitory effect of ZER on Notch1 and

Notch4 activation, it is reasonable to hypothesize that ZER likely eliminates breast cancer

stem cells. However, further work is necessary to explore this possibility.

Some studies suggest a tumor suppressor role for Notch2 in breast cancer [26, 41, 42]. The

most convincing evidence for this association was provided by O’Neill and colleagues [26]

who reported that overexpression of Notch2 intracellular domain in MDA-MB-231 cells

inhibited tumor growth in vivo [26]. Analysis of Notch2 expression in normal mammary

tissue and breast tumors in association with clinical outcome also suggested a tumor

suppressor function for this protein [41]. On one hand, ZER-mediated activation of Nocth2

is a desirable outcome to increase its tumor suppressor function. On the other hand,
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proapoptotic effect of ZER is negatively regulated by Notch2 activation. We also show that

Notch2 activation by ZER in breast cancer cells is partially dependent upon induction of

Presenilin-1 protein. Consistent with this notion, apoptosis induction by ZER is also

augmented by knockdown of Presenilin-1 protein. However, the precise mechanism by

which ZER causes induction of Presenilin-1 protein remains to be determined.

It is interesting to note that a number of structurally-diverse naturally-occurring

phytochemicals possess the ability to activate Notch2 in breast and prostate cancer cells [25,

32, 43, 44]. The examples include a steroidal lactone (withaferin A) isolated from the root

and leaf of a medicinal plant (Withania somnifera) [25], aromatic isothiocyanates (benzyl

isothiocyanate and phenethyl isothiocyanate) isolated from cruciferous vegetables (e.g.,

watercress and garden cress) [32, 43], and thioalkyl isothiocyanates from broccoli [44].

Interestingly, all these compounds are electrophilic in nature and capable of reacting with

protein sulfhydryls [45, 46]. Thus, it is possible that a redox-sensitive mechanism is

involved in Notch2 activation by these compounds, including ZER [16]. However,

validation of this provocative hypothesis requires further experimentation. Nevertheless, the

present study provides convincing evidence to indicate that the proapoptotic effect of ZER is

negatively regulated by Notch2 activation.

In conclusion, the present study demonstrates that ZER treatment promotes cleavage of

Notch2 leading to transcriptional activation of Notch in human breast cancer cell regardless

of the hormone receptor status. We show further that the ZER-mediated apoptosis is

significantly increased upon knockdown of Notch2 and Presenilin-1 proteins.
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Fig. 1.
ZER treatment increased levels of cleaved Notch2 protein in human breast cancer cells. a
Western blot analysis for effect of ZER treatment (12 h or 24 h) on protein levels of cleaved

Notch1, cleaved Notch2, and cleaved Notch4 in MDA-MB-231, MCF-7, and SUM159 cells.

b Western blotting for effect of ZER on total Notch2 protein levels in MDA-MB-231,

MCF-7, and SUM159 cells. Change in protein level relative to corresponding DMSO-treated

control is shown above band. c Real-time quantitative RT-PCR for Notch2 mRNA in MDA-

MB-231, MCF-7, and SUM159 cells after 12 h or 24 h of treatment with DMSO (control) or

the indicated concentrations of ZER. Results shown are mean ± SD (n=3). *Significantly

different (P<0.05) compared with corresponding DMSO-treated control by one-way
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ANOVA with Dunnett’s adjustment. Results were comparable in at least two independent

experiments.
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Fig. 2.
ZER treatment caused induction of Presenilin-1 protein in human breast cancer cells.

Western blot analysis for effect of ZER on protein levels of Notch ligands (Jagged1 and

Jagged2) and γ-secretase complex components (Presenilin-1 and Nicastrin) in MDA-

MB-231, MCF-7, and SUM159 cells. Change in protein level relative to corresponding

DMSO-treated control is shown above band. Results were comparable in at least two

independent experiments.
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Fig. 3.
ZER treatment increased HES-1A/B-associated luciferase activity in breast cancer cells.

HES-1A/B luciferase activity in MDA-MB-231, MCF-7, and SUM159 cells after 12 or 24 h

treatment with ZER relative to corresponding DMSO-treated control. Results shown are

mean ± SD (n=3). *Significantly different (P<0.05) compared with DMSO control by one-

way ANOVA followed by Dunnett’s test. Results were comparable in replicate independent

experiments.
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Fig. 4.
ZER increased HEY-1-associated luciferase activity in breast cancer cells. HEY-1 luciferase

activity in MDA-MB-231, MCF-7, and SUM159 cells after 12 or 24 h treatment with ZER

relative to corresponding DMSO control. Data are mean ± SD (n=3). *Significantly different

(P<0.05) compared with DMSO control by one-way ANOVA followed by Dunnett’s test.

Results were comparable in replicate independent experiments.
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Fig. 5.
Knockdown of Notch2 augmented ZER-mediated inhibition of cell migration in MDA-

MB-231 cells. a Western blotting for Notch2 in MDA-MB-231 cells stably or transiently

transfected with control shRNA or siRNA or Notch2-targeted shRNA or siRNA and treated

for 24 h with DMSO or ZER (20 or 40 μM). Change in protein level relative to DMSO-

treated control shRNA or control siRNA transfected cells is shown above band. b
Representative microscopic images depicting MDA-MB-231 cell migration after 24 h

treatment with DMSO or ZER (20 or 40 μM) (100× magnification). c Quantitation of cell

migration (mean ± S.D; n=3). Three-four fields on each filter were scored under an inverted

microscope in each experiment. Significantly different (P<0.05) compared with

*corresponding DMSO control, and $between control shRNA or siRNA and Notch2 shRNA
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or Notch2 siRNA transfected cells by one-way ANOVA followed by Bonferroni’s multiple

comparison test. Cell migration relative to DMSO-treated control shRNA or control siRNA

transfected cells is shown. Similar results were observed in two independent experiments.

Representative data from one such experiment in triplicate are shown.
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Fig. 6.
Stable knockdown of Notch2 augmented ZER-mediated apoptosis in MDA-MB-231 cells. a
Representative flow histograms showing apoptotic fraction (Annexin V-FITC/propidium

iodide method) in MDA-MB-231 cells stably transfected with control shRNA or Notch2

shRNA and treated for 24 h with DMSO or ZER (20 or 40 μM). b Quantitation of apoptotic

fraction (early + late apoptotic cells). Apoptosis enrichment relative to DMSO-treated

control shRNA transfected cells is shown as mean ± S.D (n=3). Significantly different

(P<0.05) compared with *corresponding DMSO control, and $between control shRNA and

Notch2 shRNA transfected cells by one-way ANOVA followed by Bonferroni’s multiple

comparison test. c Immunoblotting for cleaved caspase-3, cleaved PARP, and Bcl-2 proteins

after 24 h treatment of the indicated cells with DMSO or ZER. Change in protein level
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relative to DMSO-treated control shRNA transfected cells is shown above band.

Quantitation of cleaved caspase-3 or cleaved PARP was not possible as the band was not

detectable in DMSO-treated control shRNA transfected cells (first lane). Similar results

were observed in two independent experiments.
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Fig. 7.
Stable knockdown of Notch2 augmented ZER-mediated apoptosis and cell migration

inhibition in SUM159 cells. a Immunoblotting for Notch2 and cleaved PARP proteins in

SUM159 cells stably transfected with control shRNA or Notch2-targeted shRNA and treated

for 24 h with DMSO or ZER (20 or 40 μM). Change in protein level relative to DMSO-

treated control shRNA transfected cells is shown above band. b Quantitation of apoptotic

fraction (early + late apoptotic cells). Apoptosis enrichment relative to DMSO-treated

control shRNA transfected cells is shown (mean ± S.D; n=3). c Representative microscopic
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images depicting SUM159 cell migration after 24 h treatment with DMSO or ZER (20 or 40

μM) (100× magnification). d Quantitation of cell migration (mean ± S.D; n=3). Significantly

different (P<0.05) compared with *corresponding DMSO control, and $between control

shRNA and Notch2 shRNA cells by one-way ANOVA followed by Bonferroni’s multiple

comparison test. Similar results were observed in two independent experiments.
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Fig. 8.
RNA interference of Presenilin-1 augmented ZER-induced apoptosis in MDA-MB-231

cells. a Immunoblotting for Presenilin-1 and cleaved Notch2 in MDA-MB-231 cells

transiently transfected with control siRNA or Presenilin1-specific siRNA and treated for 24

h with DMSO or ZER (20 or 40 μM). Change in protein level relative to DMSO-treated

control siRNA-transfected cells is shown above band. b Flow histograms showing apoptosis

in MDA-MB-231 cells after 24 h treatment with DMSO or ZER. c Quantitation of apoptotic

fraction (early + late apoptotic cells). Enrichment of apoptotic fraction relative to DMSO-

treated control siRNA-transfected cells is shown (mean ± S.D; n=3). Significantly different

(P<0.05) compared with *corresponding DMSO control, and $between cells transfected

with control siRNA and Presenilin-1 siRNA by one-way ANOVA followed by Bonferroni’s

multiple comparison test.
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