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ABSTRACT

Background: The triple-negative breast cancer (TNBC) subtype lacks the
expression of hormone and growth factor receptors. Therapeutic options for TNBC
include conventional cytotoxic chemotherapy and pathway-selective targeted
therapy. These options are associated with therapy resistance and the emergence of
cancer stem cells, leading to metastatic disease progression. Nontoxic nutritional
herbs used in traditional Chinese medicine (TCM) may represent testable
therapeutic alternatives. This study aimed to examine the growth-inhibitory efficacy
of the nutritional herb Viola yedoensis (VY) and identify its mechanism of action in
the MDA-MB-231 model of TNBC.

Methods: The effects of VY on cell proliferation, retinoblastoma (RB) signaling,
and apoptosis were determined to examine its antiproliferative and proapoptotic
efficacy.

Results: Treatment with VY resulted in S-phase arrest and inhibition of the RB
signaling pathway by reducing cyclin E, CDK2, pRB, and E2F1 expression. The
induction of apoptosis increased the sub-G0/G1 phase apoptotic population and
increased proapoptotic caspase 3/7 activity. The VY-induced increase in caspase 3/7
activity was inhibited by a pan-caspase inhibitor.

Conclusion: These data identify the growth-inhibitory mechanism of VY,
retinoblastoma, triple- thereby providing a validated experimental approach to identify nutritional herbs as

negative breast cancer potential therapeutic alternatives for breast cancer.
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INTRODUCTION

The clinical triple-negative breast cancer (TNBC)
subtype lacks the expression of hormone and growth
factor receptors, represents 15% to 20% of all cases
of breast cancer, and is notable for an ethnic disparity
favoring the African American population.! The
TNBC subtypes exhibit pronounced heterogeneity
that predisposes to cellular plasticity and phenotypic
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diversity, leading to aggressive metastatic cancer
progression.?

The lack of hormone and growth factor
expression necessitates the use of conventional
chemotherapy, including anthracycline-, platinum-,
and taxane-based chemotherapeutics. However, long-
term use of these pharmacological agents leads to
systemic toxicity, acquired therapy resistance, and
survival of a chemoresistant, cancer-initiating stem
cell population.** These clinical limitations
emphasize the need for the identification of effective,
nontoxic, testable alternatives.
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Nutritional herbs constitute important
components of herbal formulations that are widely
used in traditional Chinese medicine (TCM). Chinese
nutritional herbs have a long history of human
consumption, a low degree of systemic toxicity, and
mechanistic leads for preclinical efficacy. These
aspects provide a rationale for investigating the
growth-inhibitory efficacy of Chinese nutritional
herbs as testable alternatives for breast cancer.

Published evidence on the MDA-MB-231 model
for TNBC has demonstrated the antiproliferative and
proapoptotic effects of several nutritional herbs, such
as Dipsacus asperoides (DA), Cornus officinalis
(CO), and Psoralea corylifolia (PC). The
antiproliferative effects have been associated with the
inhibition of retinoblastoma (RB), RAS oncogene,
phosphoinositide 3-kinase (PI3K), and protein kinase
B (AKT) signaling pathways. The proapoptotic
effects have been associated with the upregulation of
caspases and modulated expression of apoptosis-
specific proteins.>® The RAS, PI3K, and AKT
signaling pathways are commonly activated in
proliferating cancer cells and provide a growth
advantage to primary cancer, as well as to therapy-
resistant cancer stem cells.!”

The Chinese nutritional herb Viola yedoensis
(VY) is a common constituent in herbal formulations
used in TCM. VY has documented efficacy as an
antioxidant, antipyretic, and anti-inflammatory
agent.!! Published evidence has also suggested that at
a mechanistic level, VY functions as a potent
inhibitor of the induced nitric oxide synthase (iNOS),
cyclooxygenase-2 (COX-2), and nuclear factor-xB
(NF-kB) pathways.'?

In the Lewis lung carcinoma model, VY
functions as an anti-invasive agent affecting matrix
metalloproteinase and urokinase-type plasminogen
activator.'> However, the anticancer activity of VY in
breast cancer subtypes has not been unequivocally
established. The lack of sufficient information about
the growth-inhibitory efficacy of VY in breast cancer
provides the rationale for the present study.
Experiments in this study were designed to examine
the growth-inhibitory effects of VY in a cellular
model for TNBC and to identify effective mechanistic
pathways and potential molecular targets.

METHODS

Experimental model

The MDA-MB-231 cellular model was
established from the pleural effusion of a patient with
metastatic breast cancer. These cells lack the
expression of receptors for estrogen, progesterone,
and human epidermal growth factor and represent a
model for clinical TNBC.'* The MDA-MB-231 cell

line was obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA), and was
maintained in RPMI medium with L-glutamine and
supplemented with 5% fetal bovine serum (Life
Technologies, Grand Island, NY, USA). The cultures
were routinely expanded at a 1:4 ratio when 70%
confluent.

Test agent

The Chinese nutritional herb VY is a common
constituent in herbal formulations used in TCM. This
herb was provided by Dr. George YC Wong (co-
author). Traditionally, herbal formulations in TCM
are prepared as an aqueous decoction in boiling water
for patient consumption. To simulate this, a
nonfractionated aqueous extract from the leaves of
VY was prepared following an optimized, published
protocol.>”® The stock solution (aqueous supernatant)
was obtained after multiple boiling and centrifugation
cycles at a VY concentration of 20 mg/20 mL. This
stock solution was reconstituted in the RPMI culture
medium at a concentration of 1 mg/mL. For the
experiments on cell cultures, the RPMI stock was
serially diluted using the RPMI culture medium to
obtain the final concentration range in pg/mL.

Dose response of VY

To determine the effective growth-inhibitory
concentration range for VY, cell viability was
monitored using the CellTiter-Glo assay (Promega
Corporation). The cells were treated with VY at a
concentration range of 20, 40, 80, 100, and 400
pug/mL for 6 days, and the cultures were maintained
at 37 °C in a CO: incubator. Cells maintained without
any treatment served as the control. Cell viability was
measured using a Fluoroskan plate reader (Thermo
Fisher Scientific Inc). The data were presented as
relative luminescent units (RLUs) and as the
percentage of inhibition relative to the untreated
control.

Anchorage-independent growth assay

To perform the anchorage-independent (AI)
growth assay, a suspension of MDA-MB-231 cells
was prepared in 0.33% agar at a cellular density of
5.0 x 10°/mL. The cell suspension was treated with
VY at concentrations of 100, 500, and 1000 pg/mL;
cells without any treatment served as the untreated
control. The cell suspensions were overlaid on a
basement layer of 0.6% agar. The cultures were
maintained at 37 °C in a CO2 incubator for 21 days,
and Al colonies formed in 0.33% agar were counted
at x10 magnification.® The data were presented as the
Al colony number and as the percentage of inhibition
relative to the untreated control.
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Cell cycle progression

For the cell cycle progression assay, cells were
treated with VY at concentrations of 20, 40, and 80
pg/mL. Cells maintained in the culture medium
without any treatment served as the control. Cell
cycle analysis was performed according to an
optimized and published protocol.® The DNA content
of cells was determined using a Becton Dickinson
FACScan Flow Cytometer (BD Biosciences,
Research Triangle Park, NC, USA) and analyzed
using FACS Express software (version 3.06; De
Novo Software, Glendale, CA, USA). The
distribution of the individual cell population in the G1
(quiescent), S, and G2 (proliferative) phases of the
cell cycle was determined.

Western blot analysis

The Western blot assay was performed according
to an optimized and published protocol.® The cells
were treated with VY at concentrations of 40 and 80
pug/mL. Cells without any treatment served as the
control. An equal quantity of cellular proteins was
separated on 10% sodium dodecyl sulfate—
polyacrylamide gels (SDS-PAGE; Mini-PROTEAN
TGX, Bio-Rad Laboratories). The gels were directly
incubated with relevant primary and secondary
antibodies (see Supplementary Table).

The chemiluminescent signal was developed with
ECL-plus reagent (Bio-Rad Laboratories) and
detected by autoradiography. The signal intensity of
B-actin (loading control) was used to normalize the
signal intensity of cellular proteins. The signal
intensity of proteins was quantified using a Molecular
Imager GS800 and Quantity One software (Bio-Rad
Laboratories) and was presented as arbitrary scanning
units. Additionally, these data are presented as the
total protein:f-actin ratio.

Cellular apoptosis assay

The presence of cells in the sub-G0/G1 (apoptotic)
phase of the cell cycle was monitored by flow
cytometry. Cells treated with VY at concentrations of
20, 40, and 80 pg/mL and the untreated control were
sorted, and the apoptotic cell population was
determined.® The data are presented as the percentage
of sub-G0/G1 cells.

Caspase 3/7 assay

An optimized, published protocol® for caspase 3/7
activity used the Caspase-Glo assay kit (Promega
Corporation, Madison, WI, USA). A cellular
homogenate prepared from the cells treated with VY
at 20, 40, and 80 pg/mL and a homogenate from
untreated cells were used to measure caspase 3/7
activity. The luminescence was measured using a
luminometer (Thermo Fisher Scientific Inc,
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Waltham, MA, USA). The data were expressed as
RLUs.

Effect of pan-caspase inhibitor

To examine the functional specificity of caspase
activity, the synthetic peptide pan-caspase inhibitor
Z-VAD-FMK (Cell Signaling Technology; catalog
No. 60332) was used. The untreated control, cells
treated with 80 pg/mL of VY, cells treated with 10
uM of Z-VAD-FMK, and cells treated with VY + Z-
VAD-FMK were processed for the measurement of
caspase 3/7 activity. The data were presented as
RLUs.

Statistical analysis

The experiments for dose response, caspase
activity, and pan-caspase inhibitor were conducted in
triplicate, and data are presented as mean (SD). The
experiments for cell cycle progression and RB
signaling were conducted in duplicate, and the data
are presented as arithmetic means. Dunnett multiple
comparison test was used as a post hoc test of 1-way
analysis of variance (ANOVA). Moreover, an
independent sample Student ¢ test was used for
comparison between multiple treatment groups and a
common control group. Data analysis was carried out
using Microsoft Excel 2013 XLSTAT-Base software.
The generated P values are reported. P<0.05 was
considered to indicate a statistically significant
difference.

RESULTS

Dose response of VY

This experiment was conducted to determine the
range of growth inhibitory concentrations in response
to treatment with VY. The growth of MDA-MB-231
cells was inhibited in a dose dependent manner as
evidenced by reductions in cell viability. VY
concentrations of 20, 40, 80, 100 and 400 pg/ml
exhibited inhibition rates of 53.8%, 61.3%, 76.9%,
84.6% and 92.3%, respectively, relative to the
untreated control (Table 1). This dose response
identified 18.6 pg/ml of VY as the 50% inhibitory
concentration.

Effect of VY on anchorage independent (Al)
colony formation

This experiment was conducted to examine the
effect of VY on the formation of Al colonies. Al
colony formation represents an in vitro surrogate
endpoint for tumorigenic cells. The data presented
demonstrates that in response to treatment with VY at
the concentrations of 100, 500 and 1,000 pg/ml the
Al colony number was found to decrease the
inhibition rates by 42.9%, 63.7% and 91.9%
respectively, relative to untreated control (Table 2).
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Table 1. Growth-Inhibitory Dose Response of Viola yedoensis

Inhibitory efficacy of Viola yedoensis in TNBC

Treatment Concentration, Relative luminescent unit, P value Inhibition,
pug/mL mean (SD) % of control
Control — 1.3(0.3) — —
VY 20 0.6 (0.3) 0.04 53.8
40 0.5(0.3) 0.04 61.5
80 0.3 (0.1) 0.02 76.9
100 0.2 (0.1) 0.01 84.6
400 0.1 (0.05) 0.01 92.3

VY, Viola yedoensis. Data were analyzed by analysis of variance with Dunnett multiple comparison test (o = 0.05). The 50% inhibitory

concentration for VY was 18.6 pg/mL. N=3 per treatment group.

These data on Al colony formation identified

196.5 pug/mL of VY as the 50% inhibitory
concentration.

Effect of VY on cell cycle progression

The data generated from this experiment

demonstrated that VY treatment resulted in arrest of
cells at the S phase of cell cycle in a dose-dependent
manner. The G2 phase of the cell cycle was found to
be progressively decreased and was undetectable in
response to the maximum cytostatic concentration of
80 pg/ml VY. Control versus VY 80 pg/mL: % S
P=0.01. G2 phase: Not detectable.

Table 2. Growth inhibitory dose response of Viola yedoensis

The VY treatment groups were compared with a
common control group. The P values for VY at 20
ug/mL were as follows: % S, P=0.5; % G2, P=0.5.
The P values for VY at 40 pg/mL were as follows: %
S, P=0.04; % G2, P=0.04 (Figure 1A).

Representative DNA histograms documented the
effects of VY on cell cycle progression. Similar to the
data in Figure 1A, DNA histograms demonstrated a
progressive decrease in the G2 phase of the cell cycle
and abrogation of the G2 phase in response to
treatment with the higher dose of VY (Figure 1B-E).

Treatment Concentration (pg/mL) Relative Luminescent Unit (RLU) P Inhibition (% Control)
Control -—-- 1.3+0.3 - -
VY 20 0.6+0.3 0.04 538

40 0.5+0.3 0.04 615

80 0.3£0.1 0.02 769

100 0.2+0.1 0.01 84.6

400 0.1£0.05 0.01 923

Data presented as mean + SD, N=3 per treatment group and analyzed by analysis of variance with Dunnett’s Multiple Comparison Test

(0=0.05). VY IC50: 18.6 ug/ml. VY, Viola yedoensis.
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Figure 1. Effect of Viola yedoensis (VY) on Cell Cycle Progression. A, VY treatment resulted in the arrest of cells in the S
phase of the cell cycle and abrogation of the G2 phase of the cell cycle at a higher concentration of VY. Data are presented
as arithmetic means from 2 independent experiments. Control vs VY 80 pg/mL: % S, P=0.01; G2 not detectable. B—E,
Representative DNA histograms for control and VY -treated cells. B, Control: S, 42.9%; G2, 48.6%. C, VY 20 pg/mL: S,
46.6%; G2, 40.4%. D, VY 40 pg/mL: S, 63.6%; G2, 25.7%. E, VY 80 pg/mL: S, 81.2%; G2, 0%.
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Effect of VY on retinoblastoma signaling

The RB signaling pathway operates during the
G1-S phase and/or S—G2 phase transition of cells. For
the S—G2 phase transition, the expression status of
cyclin E (encoded by CCNET), CDK2 (CDK2), pRB
(RBI), and E2F1 (E2F1) is critical. The data
demonstrated that VY at a concentration of 80 pg/mL
inhibited the expression of cyclin E, CDK2, pRB, and
E2F1, relative to the untreated control (Figure 2A).

The data presented as the total protein:B-actin
(ACTB) ratio demonstrated that in response to
treatment with 80 pg/mL of VY, cyclin E expression
decreased by approximately 78% (P =0.02), CDK2
expression decreased by approximately 47%
(P=0.04), pRB expression decreased by
approximately 31% (P =0.04), and E2F1 expression
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decreased by approximately 92.3% (P=0.01),
relative to the control (Figure 2B).

Treatment with VY at 40 pg/mL did not
significantly affect the expression of cyclin E
(P=0.5), CDK2 (P=0.5), pRB (P=0.5), or E2F1
(P=0.5), relative to the control.

Effect of VY on cellular apoptosis

The experiment designed to examine the effect of
VY on cellular apoptosis monitored the population of
cells in the sub-GO phase of the cell cycle. The data
demonstrated that VY treatment resulted in a dose-
dependent increase in the cell population in the sub-
GO phase of the cell cycle. Treatment with VY at a
concentration of 80 pg/mL induced an approximately
9.8-fold increase (P=0.01) relative to the untreated
control (Figure 3A).

Cyclin E cDK2
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) I
0.0- T T
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o > >
o > >
1 1 1
_ B.acnn
059 059 031
——
013 013 0.09
0.13 013 _ PRB
0.09 013 04 001
0.01

E2F1 0

Figure 2. Effect of VY on Retinoblastoma (RB) Signaling. A, Representative Western blot assay shows a concentration-
dependent inhibition of cyclin E, CDK2, phosphorylated RB (pRB), and E2F1 expression after treatment with VY. B, Data
are presented as the total protein to B-actin ratio. Arithmetic means from 2 independent experiments are shown. Statistical
significance was determined for control vs VY 80 pg/mL: cyclin E (P = 0.02), CDK2 (P = 0.04), pRB (P = 0.04), and E2F1

(P=0.01).

At the mechanistic level, VY treatment resulted in
a dose-dependent increase in caspase 3/7 activity. VY
at a concentration of 80 pg/mL induced an 18.8-fold
increase (P=0.01) in caspase 3/7 activity relative to
the untreated control (Figure 3B).

The experiment designed to confirm the functional
specificity of caspase 3/7 induction used the pan-
caspase inhibitor Z-VAD-FMK. The data presented

in Figure 3C demonstrated that VY at a concentration
of 80 ug/mL increased caspase 3/7 activity by
approximately 8.8-fold (P=0.01) relative to the
untreated control, and the VY-induced caspase
activity was inhibited by approximately 57.1%
(P=0.04) in response to treatment with Z-VAD-
FMK relative to treatment with VY alone (Figure
30).
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Figure 3. A: Effect of VY on cellular apoptosis VY treatment exhibited a concentration-dependent increase of cells in Sub
GO (apoptotic) phase of the cell cycle. Data are presented as mean = SD, N=3 per treatment group. Control versus VY 80
pg/mL, P=0.01. B: Effect of VY on caspase 3/7 activity. VY treatment induced a concentration-dependent increase in caspase
3/7 activity. Data are presented as mean = SD, N=3 per treatment group. Control versus VY 80 pg/mL, P=0.01. C: Effect of
pan caspase inhibitor Z-VAD-FMK on VY-induced increase in caspase 3/7 activity. Control versus VY 80 pg/mL, P=0.01.
Combination of VY+Z-VAD-FMK decreased caspase 3/7 activity. VY versus VY+Z-VAD-FMK P=0.04.
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DISCUSSION

The American Cancer Society has estimated that
there will be 310 726 new cases of breast cancer and
42 250 breast cancer-related deaths in 2025.'5 Breast
cancer subtypes such as luminal A, luminal B, and
HER2-enriched that express hormone and/or growth
factor receptors exhibit a favorable response to
endocrine and/or HER2-targeted therapies. In
contrast, the TNBC subtype lacks the expression of
the estrogen receptor o (ESR1), progesterone receptor
(PGR), and human epidermal growth factor receptor
2 (ERBB2). The TNBC subtype is noted to readily
acquire resistance to a range of long-term
conventional cytotoxic chemotherapies, such as
anthracyclines (including doxorubicin), platinum
agents (such as carboplatin), and taxanes (such as
paclitaxel). The TNBC subtype has also been known
to harbor a therapy-resistant, cancer-initiating stem
cell population, which proliferates following
chemotherapy.>!® The TNBC subtype is notable for
tumor heterogeneity, predominantly due to extensive
cellular plasticity and phenotypic diversity. Among
the multiple subtypes of TNBC, the mesenchymal
(M) TNBC subtype shows the presence of putative
stem cells. The MDA-MB-231 cell line model for
TNBC belongs to the M TNBC subtype.'¢

Experiments in the present study were designed
on the MDA-MB-231 model to examine the growth-
inhibitory effects of VY. This nutritional herb
contains multiple bioactive agents, including
polyphenols, flavones, terpenes, saponins, and
coumarins.'®!” It is therefore conceivable that these
agents, either individually or in combination, may
influence the growth of MDA-MB-231 cells. The
data generated using the nonfractionated aqueous
extract of VY provide a basis to conduct specific
experiments  focused on  bioactivity-guided
fractionation of the VY extract. Chromatographic
separation of individual fractions and gas
chromatography—mass spectrometry—based detection
of individual bioactive agents in each fraction may
confirm their biological activity, mechanism(s) of
action, and identify potential molecular targets.
Collectively, these experiments may provide
evidence for the growth-modulatory effects of
individual bioactive fractions.

The growth-inhibitory effects of VY on triple-
negative MDA-MB-231 cells were evidenced as a
reduction of cell viability in adherent 2-dimensional
cultures, as well as in the number of Al colonies
formed in nonadherent 3-dimensional cultures. Al
colony formation represents an in vitro surrogate
marker for in vivo tumor formation. Collectively,
these data provide evidence for VY-mediated
susceptibility for growth inhibition, suggesting a
possible reduction of breast cancer risk.

Inhibitory efficacy of Viola yedoensis in TNBC @

The RB signaling pathway represents one of the
major tumor suppressor pathways responsible for the
regulation of cellular proliferation and apoptosis. The
tumor-suppressive function of RB is frequently
compromised in clinical TNBC.** In the MDA-MB-
231 model for TNBC, defective RB signaling is
associated with accelerated cell cycle progression due
to the inactivation of negative growth-regulatory
proteins and inhibition of cellular apoptosis.'®* The RB
signaling pathway targets the G1-S phase transition
via the cyclin D1 (CCNDI1)-CDK4 (CDK4)-CDK6
(CDK6)pRB (RBI)-E2F1 (E2FI) axis and the S—
G2/M phase transition via the cyclin E (CCNEI)-
CDK2 (CDK2)pRB (RBI)-E2F1 (E2F1I) axis. In the
RB signaling cascade, the expression of the E2F
family of transcription factors represents a critical
event preceding the expression of RB target
genes.!?? In the present study, VY at the maximum
cytostatic dose of 80 pg/mL downregulated the
expression of cyclin E, CDK2, pRB, and E2F1.

The growth-inhibitory efficacy of the nutritional
herbs CO, DA, and PC in the present TNBC model is
associated with the inhibition of RB signaling through
the cyclin D1-CDK4/6-pRB axis.>® Additionally,
treatment with DA results in the inhibition of RAS
(RAS), PI3K (PIK3CA), and AKT (4KT1I), all of
which are constitutively activated in
hyperproliferative cancer cells.®!%2:22  Growth
inhibition by Drynaria fortunei is effective via the
inhibition of cyclin E, CDK2, pRB, and E2F1
expression.’ In the present study, treatment with VY
resulted in the inhibition of cyclin E, CDK2, pRB, and
E2F1. Collectively, these data suggest that individual
nutritional herbs may affect the expression of distinct
regulatory proteins involved in the RB signaling
pathway.

In the present study, treatment with VY resulted
in the induction of caspase 3/7 activity that was
inhibited in the presence of the pan-caspase inhibitor
Z-VAD-FMK. These data provide evidence for the
functional significance of proapoptotic caspases,
suggesting that VY may affect additional apoptosis-
related markers.

The experimental approach using the present
TNBC model provides several scientifically robust
rationales for future investigations. Reliable cancer
stem cell models may represent valuable
experimental approaches for examining the cancer
stem cell-targeting efficacy of naturally occurring
bioactive agents present in nutritional herbs.? Cancer
stem cell-specific telomerase activity,’ epigenetic
modulation,” and stem cell plasticity through
epithelial-mesenchymal transition®® represent some
approaches to identify additional therapeutic targets.
Naturally occurring bioactive agents present in
dietary phytochemicals and nutritional herbs that
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target these processes?’*® may also represent novel

drug candidates for therapy-resistant breast cancer.

CONCLUSION

These data identify the growth-inhibitory
mechanism of VY, thereby providing a validated
experimental approach to identify nutritional herbs as
potential therapeutic alternatives for breast cancer.
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