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a model for triple negative molecular subtype
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Abstract. Global gene expression profiling identifies
predictive and prognostic biomarkers and rationalizes breast
cancer subtype-targeted treatment. The Anthracyclin/Taxol
and survival pathway specific small molecular inhibitors,
constitute current treatment options. These options are
associated with acquired tumor resistance and emergence
of drug-resistant cancer stem cells. Dietary supplements
and constitutive bioactive phytochemicals with relatively
low systemic toxicity may provide testable alternatives
for current therapy. Human breast epithelial cell lines
184-B5 (non-tumorigenic triple negative cell type) and
MDA-MB-231 (breast carcinoma derived triple negative
cell type) were used as the experimental models. Putative
cancer chemo-preventive natural products and their
constitutive bioactive agents represented the test agents.
Anchorage independent growth, cell cycle progression and
cell apoptosis quantified the treatment efficacy. Compared
to the 184-B5 cells, the MDA-MB-231 cells exhibited
anchorage-independent growth indicative of persistent
cancer risk. Additionally, the MDA-MB-231 cells exhibited
hyper-proliferation, accelerated cell cycle progression and
inhibited apoptosis indicative of loss of homeostatic growth
control. The test agents inhibited anchorage-independent
growth via cytostatic and pro-apoptotic effects. The
triple negative carcinoma-derived Doxorubicin-resistant
phenotype exhibited cancer stem cell markers, including
tumor spheroid formation and expression of CD44,
NANOG and c-Myc. These data identify clinically relevant
mechanistic leads for the efficacy of natural products in
the aggressive therapy-resistant breast cancer subtype and
suggests a testable approach for cancer stem cell-targeted
therapy.
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. Introduction

Metastatic breast cancer is a prevalent cause of mortality in the
US population. The American Cancer Society has projected
approximately 246,660 newly diagnosed invasive breast
cancer cases and approximately 40,450 breast cancer-related
deaths in women in 2017 and the life time breast cancer risk
is estimated at 1 in 8 individuals (1). These actuarial data
emphasize a need to identify specific and sensitive prognostic
and predictive biomarkers and efficacious cancer subtype
specific-targeted therapy.

Conventional chemo-endocrine therapeutic options for
clinical breast cancer are based on the status of hormone
receptors, proliferation and cell apoptosis. Additionally, global
profiling of differentially expressed genes has facilitated the
molecular/genetic classification of breast cancer subtypes, and
thus, has provided rational subtype-based treatment options (2).

The Luminal A molecular subtype is classified as estrogen
receptor (ER)-positive, progesterone receptor (PR)-positive and
human epidermal growth factor receptor-2 (HER-2)-negative
breast cancer. The Luminal B subtype is characterized by the
presence of all three abovementioned receptors. The treatment
options for the two subtypes include the use of selective ER
modulators and aromatase inhibitors, with or without HER-2
targeted therapy. The triple negative molecular subtype is clas-
sified as ER-negative, PR-negative and HER-2-negative breast
cancer which responds only to conventional chemotherapy
and select cellular signaling pathway specific small molecular
inhibitors (2-5).

Current long-term treatment options for conven-
tional chemo-endocrine therapy and for small molecular
based-targeted therapy are frequently associated with acquired
tumor resistance due to the emergence of drug-resistant stem
cell population. These limitations compromise therapeutic effi-
cacy and promote drug-resistant disease progression (3,4,6).
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Preclinical studies on human tissue derived cell culture models
may facilitate investigations directly on the target tissue to
reduce extrapolation and enhance clinical translatability,
thereby, providing facile in vitro experimental approaches that
are complementary to conventional in vivo approaches (3.4).

Natural products such as dietary supplements, phytochemi-
cals and herbal formulations have been extensively used either
as palliative or adjuvant treatment options for breast cancer
patients in complementary and alternative medicine (7-9).
These agents, due to their inherently minimal toxicity, may
provide testable alternatives for limitations of conventional
chemo-endocrine and small molecular-targeted therapeutic
options. Previously published data on cell culture models for
Luminal A, HER-2 enriched and triple negative molecular
subtypes of clinical breast cancer have demonstrated that
several mechanistically distinct natural phytochemicals and
herbal extracts function as cytostatic and pro-apoptotic agents
conferring potent growth inhibitory efficacy in these clinically
relevant model systems (10-21).

The present review summarizes experimental evidence
identifying novel mechanistic leads for the efficacy of select
natural products and their respective constituent bioactive
components in the clinically relevant cell culture model for
triple negative breast cancer, and provides experimental
evidence supporting the development of a drug-resistant
cancer stem model. Furthermore, this review suggests a test-
able approach for cancer stem cell-targeted therapeutic options
for chemoendocrine therapy-resistant aggressive breast cancer.

2. Experimental models

184-B5 model. This model was derived from a human reduc-
tion mammoplasty specimen. The cells were ER", PR" and
HER-2" and non-tumorigenic (22). This cell line served as the
baseline control for quantitative growth parameters.

MDA-MB-231 model. The triple negative molecular subtype
of clinical breast cancer lacks the expression of ER, PR
and HER-2 (2). The human mammary carcinoma-derived
MDA-MB-231 cells lack the expression of the three recep-
tors (23,24). This cell line represents a model for the triple
negative breast cancer subtype.

3. Mechanistic biomarkers

Growth parameters. Conventional quantitative parameters
such as population doubling time and saturation density have
been widely used as endpoints to quantify growth. Population
doubling time is monitored during the four-day exponential
growth phase by determining cell viability. The data are
expressed as arithmetic mean from the four time points.
Saturation density is determined by viable cell number at day
7 post-seeding (16-18).

Anchorage-independent growthassay.Anchorage-independent
growth is a sensitive and specific in vitro surrogate endpoint
for the tumorigenic potential of carcinoma-derived cell
lines (12-15,19-21). For this assay, 184-B5 and MDA-MB-231
cell lines at a predetermined cell density were suspended in
0.33% agar and overlaid on a basement layer of 0.6% agar.
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Table I. Natural product test agents.

Test agent Natural source

Dietary supplements

OPE Citrus fruits, limonoids
RME Rosemary leaves, phenolic
terpenoids

GTE Green tea leaves, polyphenols
Constitutive bioactive
phytochemicals

UA Tri-terpenoid

EGCG Tea polyphenol

OPE, orange peel extract; RME, rosemary extract; GTE, green tea
extract; UA, ursolic acid; EGCG, epigallocatechin gallate.

The anchorage-independent colony counts were performed at
day 21 post-seeding.

Cell cycle progression and cell apoptosis. The parameters
were quantified by flow cytometry-based fluorescence-assisted
cell sorting. Cell populations in the G,, S, G,/M and sub G,
phases of cell cycle were then monitored. The data are
expressed as G;:S+G,/M ratio, S+G,/M:sub G ratio, and %
sub G, population (17,19-21).

Drug-resistant cancer stem cells. Drug-resistant phenotype
was isolated from a subpopulation of Doxorubicin-resistant
(DOX-R) MDA-MB-231 cells. To isolate the DOX-R pheno-
type, MDA-MB-231 cells were treated with 0.5 yuM DOX
(maximum cytostatic concentration) for 7 days. The surviving
cell population was expanded in the presence of 0.5 yM DOX
for at least 5 passages prior to the experiments. The DOX-R
cells were monitored for the status of stem cell-specific
markers, including tumor spheroid formation, and expres-
sion of stem cell-specific molecular markers CD44, NANOG
and c-Myc. The spheroid formation was monitored by tumor
spheroid colony counts in serum-free culture conditions on
day 14 post-seeding of 100 drug-resistant cells in ultralow
adherence culture plates. The expression of stem cell-specific
molecular markers CD44, NANOG and c-Myc was monitored
by fluorescence-assisted cell sorting of DOX-R cells stained
with specific fluorescein isothiocyanate (FITC)-labeled anti-
bodies according to the optimized protocol provided by the
vendors. These data were then normalized to FITC-IgG, and
expressed as log mean fluorescence units (17).

4. Natural products

Non-fractionated extracts from dietary natural products,
as well as their constitutive bioactive phytochemicals were
selected as the test agents based on the evidence supporting
cancer chemo-preventive efficacy in the animal models for
organ site cancer (16-18). The test agents used in the experi-
ments are presented in Table I.

Dose response experiments were utilized to identify
maximum cytostatic concentrations (ICy,). The maximum
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Table II. Status of homeostatic growth control in triple negative
MDA-MB-231 cells.

Relative to 184-B5 cells®

Biomarker Range Median
Population doubling -53.6 t0 -55.9% -54.7%
Saturation density +47.5 to +50.2% +48.8%
G,:S+G,/M -70.5 to -73.9% -722%
S+G,/M: Sub G, +8.5 to +9.5X +9.0X
Anchorage-independent

colony formation +95% to +100% +97.5%

“Extrapolated from multiple data points (18,19,21).

cytostatic concentration was defined as the highest concentra-
tion of the test compound that produces a viable cell number
that is equal to the initial seeding density. The concentration
producing viable cell number that was lower than the initial
seeding density was considered toxic. These pre-determined
maximum cytostatic concentrations of the test compounds
were used in the experiments to evaluate their growth inhibi-
tory effects and mechanistic efficacy.

5. Efficacy of natural products

Status of homeostatic growth control in triple negative model.
To identify growth advantage of the model, growth parameters
of tumorigenic ER", PR'and HER-2° MDA-MB-231 (triple
negative) cells were compared against the non-tumorigenic
ER’, PR" and HER-2" 184-B5 (triple negative) cells, repre-
senting the baseline control. These data demonstrated that
relative to 184-B5 cells, the triple negative tumor-derived cell
line exhibits a 54.7% decrease in population doubling, and a
48.8% increase in saturation density (Table II). Additionally,
this cell line exhibits a 72.2% decrease in G,:S+G,/M ratio
due to aberrant hyper-proliferation and a 9-fold increase in the
S+G,/M:Sub G, ratio due to downregulated cell apoptosis. It is
also noteworthy that unlike the non-tumorigenic control cells,
the tumor-derived cells exhibit anchorage-independent growth
as demonstrated by a substantial 97.5% increase in the number
of anchorage-independent colonies. Collectively, these data
demonstrate that the tumorigenic cell line that is hyper-prolif-
erative, less apoptotic and exhibits anchorage-independent
growth, displays loss of homeostatic growth control and
persistent cancer risk. Furthermore, these growth properties
of human tumorigenic cells, which are distinct from those of
non-tumorigenic human cells provide evidence to support a
clinical relevance for the experimental models (16,18-21).

Efficacy of natural products and constitutive bioactive
phytochemicals in triple negative model. The triple negative
subtype lacks the expression of hormone and growth factor
receptors and therefore is resistant to endocrine therapy and
to HER-2-targeted therapy (2.4,5). The response of the triple
negative subtype to cytotoxic chemotherapy and to molecular
pathway-targeted therapy is associated with acquired tumor
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Figure 1. Efficacy of natural products and constitutive bioactive agents in
triple negative MDA-MB-231 cells: (A) Inhibition of anchorage-independent
colony formation. Treatment with respective maximum cytostatic con-
centrations of constitutive bioactive agents UA and EGCG, and dietary
supplements OPE, RME and GTE. Colony counts at day 21 post-seeding of
1,000 cells. Control > UA, EGCG, OPE, RME and GTE (one-way ANOVA)
and Dunnett's multiple comparison test (a=0.05). (B) Increase in G,:S+G,/M
ratio. Cells treated for 24 h with maximum cytostatic concentrations of
constitutive bioactive agents and dietary supplements. Cell cycle analysis
by flow cytometry. Control < UA, EGCG, OPE, RME and GTE. One-way
ANOVA and Dunnett's multiple comparison test (a=0.05). (C) Induction of
cell apoptosis. Cells treated for 24 h with maximum cytostatic concentrations
of constitutive bioactive agents and dietary supplements. Quantification of
cells in the sub G, (apoptotic) phase by flow cytometry. Control < UA, EGCG,
OPE, RME and GTE. One-way ANOVA and Dunnett's multiple comparison
test (a=0.05). UA, ursolic acid; EGCG, epigallocatechin gallate; OPE, orange
peel extract; RME, rosemary extract; GTE, green tea extract.

resistance and emergence of drug-resistant cancer stem
cells (4-6,25,26). The experiments presented in Fig. 1A-C
were designed to examine the growth inhibitory effects of
dietary supplements orange peel extract (OPE), rosemary
extract (RME), green tea extract (GTE) and their constitu-
tive bioactive agents ursolic acid (UA) and epigallocatechin
gallate (EGCG) on the triple negative MDA-MB-231 model.
The test agents inhibited anchorage-independent colony
formation at their respective maximum cytostatic concentra-
tions (Fig. 1A). The cytostatic effect of these test agents on
cell cycle progression was associated with G, arrest, leading to
an increased G,:S+G,/M ratio (Fig. 1B). Increased G,:S+G,/M
ratio occured predominantly due to G, arrest and the resultant
inhibition of G, to S phase transition, leading to investiga-
tion on the status of G,-specific cyclins and other relevant
signaling proteins. Additionally, the pro-apoptotic effect was
evidenced by increases of cell population in apoptotic sub
G, phase of the cell cycle (Fig. 1C). The observed increase
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Figure 2. Cancer stem cells in triple negative model: (A) Tumor spheroids
in triple negative MDA-MB-231 cells. DOX-S and -R cells were seeded
in ultra low attachment plates at a seeding density of 100 cells in the
presence of 0.5 uM DOX. Tumor spheroid counts at day 14 post-seeding.
DOX-S vs. DOX-R P=0.02 (two-sample t-test). (B) Expression of stem
cell markers in DOX-S and DOX-R cells. Log mean fluorescence units.
DOX-S vs. DOX-R CD44, P=0.02; NANOG, P=0.01; c-Myc P=0.03
(two-sample t-test). DOX, doxorubicin.

in the sub G, population leading to investigation on the status
of apoptosis-related proteins. The statistical significance of
these data were analyzed by one-way analysis of variance
(ANOVA) and Dunnett's multiple comparison test (a=0.05).
Collectively, these data provide mechanistic leads to identify
potential molecular targets responsible for the efficacy of
relatively non-toxic naturally occurring agents and suggest
testable alternative to therapy-resistant triple negative breast
cancer (16,18,27).

Several mechanistically distinct natural products have
exhibited growth inhibitory efficacy in HER-2 expressing
human mammary epithelial cells that represent a cellular model
for HER-2 enriched breast cancer. The molecular mechanisms
responsible for the anti-proliferative and pro-apoptotic efficacy
of these agents include G, arrest and inhibition of G,-specific
cyclins and modulation of apoptotic-specific proteins (16,18).
Additionally, chemo-preventive agents including resveratrol,
retinoids and rosemary terpenoids exhibit effective inhibi-
tion of inducible cyclo-oxygenase-2 (COX-2) activity in this
model (28-31).

In the current context it is noteworthy that in the triple
negative subtype, the tumor suppressive function of the
RB gene is frequently compromised (32,33). Thus, the
CyclinD-CDK4/6-pRB pathway has been exploited as a
therapeutic target (34,35). Additionally, the present cellular
model for triple negative breast cancer subtype harbors a
gain-of-function R280K mutation in the tumor suppressor
TP53 gene that confers survival advantage via the upregulation
of cell migration and invasion (36). Thus, the present status of
TP53 may be an additional therapeutic target.
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Nutritional herbs are commonly used in herbal formula-
tions for the treatment of breast cancer patients (7-9,37). Thus,
preliminary evidence suggests that in the present triple nega-
tive model, nutritional herbs Tabebiua avellandae, Cornus
officinalis and Dipsacus asperoides confer growth inhibitory
effects via the RB pathway, and pro-apoptotic effects via the
intrinsic mitochondrial BAX and caspase pathways (19-21).

Cancer stem cells in triple negative model. Acquired
tumor resistance to chemo-endocrine therapy is associ-
ated with the emergence of drug-resistant stem cells (4,6).
Furthermore, acquired resistance to small molecular inhibi-
tors of PI3K/AKT/mTOR pathways in the triple negative
subtype (4,5,25), emphasizes investigations focused on a
therapy-resistant stem cell population.

Select nuclear transcription factors Oct-3/4, K1f4, Sox2 and
c-Myc (Yamanaka factors) are expressed in cancer stem cells
derived from multiple organ sites (38-43). These transcription
factors are also essential for the induction of pluripotent stem
cells derived from adult somatic cells (44-47). The experi-
ments presented in Fig. 2A and B were designed to examine
the status of select stem cell markers in DOX-R MDA-MB-231
phenotype. Relative to the drug sensitive phenotype, the
DOX-R phenotype exhibited a 4.4-fold increase (P=0.02) in
the number of tumor spheroids (Fig. 2A). Additionally, in the
DOX-R phenotype the expression of stem cell-specific cellular
marker CD44 exhibited a 6.4-fold increase (P=0.02), while
the molecular markers NANOG exhibited an 8.8-fold increase
(P=0.01) and c-Myc exhibited a 2.7-fold increase (P=0.03),
relative to the DOX-S phenotype (Fig. 2B). These data were
analyzed for their statistical significance by the two-sample
t-test. Collectively, these data on the status of stem cell marker
expression characterize the DOX-R stem cell model, thereby
validating an experimental approach for the evaluation of
stem-targeted therapeutic efficacy.

Ongoing research directions include experiments designed
to examine the efficacy of promising natural products on
the developed triple negative breast cancer stem cell model.
These studies are expected to provide evidence for effective-
targeted intervention directly on therapy-resistant breast
cancer stem cells.

6. Conclusions and future directions

Human tissue-derived preclinical models may reduce
extrapolation of evidence for clinically relevant translational
potential (16,18,41). Current research directions have provided
optimized human tissue-derived cell culture models for triple
negative molecular subtype of clinical breast cancer that repre-
sent a clinically relevant experimental system. The present
data on the growth inhibitory efficacy of natural products
such as dietary supplements and their constitutive bioac-
tive agents validates an experimental approach to evaluate
natural products as testable alternatives for chemo-endocrine
therapy-resistant breast cancer.

Acquired tumor resistance to conventional chemo-endo-
crine therapy and selection of a survival pathway-targeted
therapy are frequently observed phenomena responsible for
compromised therapeutic efficacy and disease progression. It
occurs predominantly due to the emergence of drug-resistant
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stem cells (6,40,41). Data presented on the isolation and char-
acterization of DOX-resistant triple negative MDA-MB-231
cells validate a potential model for stem cell-targeted therapy.
In the present context, it needs to be recognized that the
cell culture models derived from established cell lines provide
only limited clinical relevance. Therefore, future research
directions focusing on ex vivo approaches for patient-derived
xenografts from therapy-resistant breast cancer subtypes,
reliable stem cell models from clinical samples, and cellular/
molecular approaches to evaluate lead compound efficacy
targeted towards cancer stem cells are expected to provide
valuable means to attain better clinical translatability.
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