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Abstract. Triple-negative breast cancer (TNBC) lacks the
expression of estrogen receptor-a (ER-a), progesterone
receptor (PR) and amplified human epidermal growth factor
receptor-2 (HER-2). Current treatments involve chemo-
therapy and molecular targeted therapy. These options lead
to dose-limiting systemic toxicity and acquired tumor resis-
tance. Moreover, no drug is yet available for the secondary
prevention of TNBC. Such limitations underscore a need to
investigate non-toxic testable alternatives for the secondary
prevention/treatment of TNBC. The Chinese nutritional herb,
Psoralea corylifolia (PC), has been shown to be effective
against the MCF-7 cell line, a cellular model for ER-a-positive
breast cancer. The present study aimed to investigate the
growth inhibitory effects of PC against TNBC using the
MDA-MB-231 cell line. Anchorage-independent colony forma-
tion, cell cycle progression, cellular apoptosis, RB signaling
and caspase-3/7 activity assays were performed to determine
the quantitative parameters for the efficacy of PC. Treatment
with PC induced a 3.5-fold increase in the G;: S + G,/M ratio,
an 11-fold increase in the apoptotic cell number and a 149-fold
increase in caspase-3/7 activity. PC treatment also decreased
cyclin D1, CDK4/6 and p-RB expression levels. On the whole,
the data of the present study identify mechanistic leads for PC
as a naturally occurring testable alternative, and validate a
mechanistic approach to prioritize efficacious nontoxic herbal
extracts as nutritional supplements for the secondary preven-
tion/therapy of TNBC.

Introduction

Conventional treatment options for the triple-negative
breast cancer (TNBC) subtype include anthracycline/taxol/
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platinum-based conventional cytotoxic therapy or
phosphoinositol-3-kinase (PI3K), AKT, molecular target of
rapamycin (mTOR) and poly(ADP-ribose) polymerase (PARP)
selective small molecule based targeted therapy (1-3). These
long-term treatment options are frequently associated with
systemic toxicity and acquired drug resistance, leading to the
progression of therapy-resistant disease (4). At present, no drug
is yet available for the secondary prevention of TNBC, at least
to the best of our knowledge. These therapeutic limitations
emphasize the need for the identification of non-toxic
efficacious agents as testable alternatives against TNBC.

Natural products, including dietary and medicinal phyto-
chemicals, botanicals and nutritional herbs have documented
preventative/therapeutic/efficacy in complementary and alter-
native medicine against breast cancer subtypes (5,6). These
naturally occurring compounds may represent effective dietary
supplements for the prevention/therapy of organ site cancers.
Several mechanistically distinct Chinese nutritional herbs
have been demonstrated to exert growth inhibitory effects in
cellular models for the estrogen receptor (ER)-a*/progesterone
receptor (PR)*/human epidermal growth factor receptor-2
(HER2) (Luminal A) and ER-a/PR/HER-2" (triple-negative)
molecular subtypes of breast cancer (7-10). Published evidence
from a comparative study on isogenic MCF-7 cellular pheno-
types with modulated ER-a function demonstrated that the
Chinese nutritional herb, Psoralea corylifolia (PC), effectively
inhibited growth in the phenotypes with functional or non-func-
tional ER-a. (7).

The aim of the present cell culture study was to evaluate the
growth inhibitory effects of PC in a cellular model for TNBC
and to identify possible mechanistic leads for the efficacy of this
nutritional herb. These in vitro data may provide a scientific basis
for subsequent in vivo studies on triple-negative tumors. The
MDA-MB-231 cellular model of TNBC was selected as the exper-
imental system. The TNBC breast cancer subtype is notable for
the compromised tumor suppressive function of the RB gene (11).
Thus, the experimental downregulation of the aberrant function of
RB may identify potential molecular targets for the efficacy of PC.

Materials and methods

Experimental model. The MDA-MB-231 cell line is isolated
from the pleural effusion of human metastatic breast


https://www.spandidos-publications.com/10.3892/ijfn.2021.18
https://www.spandidos-publications.com/10.3892/ijfn.2021.18
https://www.spandidos-publications.com/10.3892/ijfn.2021.18

2 TELANG et al: GROWTH INHIBITION BY Psoralea corylifolia IN TRIPLE-NEGATIVE BREAST CANCER

carcinoma. The carcinoma cells lack the expression levels of
ER-a, PR and amplified HER-2, and represent an experimental
model for TNBC (12,13). This cell line was obtained from the
American Type Culture Collection (ATCC), and the cells were
maintained in RPMI-1640 medium with L-glutamine and
5% fetal bovine serum (Life Technologies; Thermo Fisher
Scientific, Inc.) following the protocol a recommended by
ATCC.

Test agent. A non-fractionated aqueous extract of PC was
prepared by boiling 20 g of seeds of PC provided by the author
GYCW in 200 ml of deionized distilled water followed by
sequential boiling and centrifugation to obtain a concentrated
extract at a concentration of 20 g extract in 20 ml deionized
distilled water (7,8,10). This stock solution was subsequently
diluted in the culture medium to obtain a concentration of
1 mg extract/1 ml. This diluted stock solution was subsequently
used on the cell cultures at the #g/ml concentration range.

Analysis of dose response effect of PC. The dose response
effect of PC was determined by examining cell viability
using the Cell Titre Glo assay (Promega Corporation) as
recommended in the protocol provided by the manufacturer.
This assay measures relative luminescent units (RLUs) as a
quantitative end point. Briefly, 5.0x10° cells were seeded in
96-well plates and treated with PC at a 1-100 yg/ml concentra-
tion range for 6 days at 37°C in a CO, incubator. The medium
containing PC was replenished every 72 h. Untreated cultures
maintained in the culture medium represented the control.
Cell viability was measured on day 7 using a Fluoroskan plate
reader (Thermo Fisher Scientific, Inc.), and was expressed as
RLUs. The data obtained from the dose response experiment
were extrapolated to identify the minimally effective (IC,s),
half maximum (ICs,) and maximally cytostatic (IC,,) inhibi-
tory concentrations for the cells treated with PC.

Anchorage-independent (Al) growth assay. This assay
was performed following the optimized protocol. Briefly,
MDA-MB-231 cell suspensions, at a density of 5x10° per
ml prepared in 0.33% agar with a concentration range of
1-80 ug/ml PC. The untreated cell suspension represented the
control. These cell suspensions were overlaid on a basement
matrix of 0.6% agar. The cultures were incubated at 37°C
in a CO, incubator for 21 days. The AI colonies were fixed
in 4% phosphate-buffered formaldehyde (cat. no. 100494,
Sigma-Aldrich; Merck KGaA, stained with 0.005% crystal
violet (cat. no. C-6158, Sigma-Aldrich; Merck KGaA), over-
night at room temperature. The colony counts were determined
at x10 magnification. The data were expressed as the Al colony
number. These data were extrapolated to identify the IC,s, ICs,
and IC,, inhibitory concentrations.

Cell cycle progression assay. For the cell cycle analysis,
5x10° cells were seeded in T-25 flasks and treated for 24 h
after seeding with 3, 6 and 12 pg/ml of PC for 48 h. The cells
were harvested by trypsinization, pelleted at 500 x g, and
washed twice with cold PBS. The cells were then fixed with
cold 70% ethanol, washed with cold PBS, and stained with
50 pg/ml propidium iodide in PBS (Sigma-Aldrich; Merck
KGaA), followed by the addition of 10 gg/ml ribonuclease

(Sigma-Aldrich; Merck KGaA), and incubation at 37°C for
20 min and a 4-h incubation of the mixture at 4°C in the dark.
Cell cycle progression was monitored following an optimized
protocol that included the fluorescence-assisted sorting of
PI-stained cells, with the use of a 488 nm excitation filter and
a 520 nm band pass filter, and gating of the sorted cells on a
forward versus side scatter. The DNA content was analyzed
using a BD FACScan Flow Cytometer (BD Biosciences) and
analyzed by FCS Express software version 306 (De Novo
Software). The flow cytometry-based analyses determined
the distribution of individual cell populations in the G, (quies-
cent), S, G,/M (proliferative) and sub G, (apoptotic) phases
of the cell cycle. These primary data were expressed as the
G;: S + G,/M ratio and the percentage sub G, population to
assess altered cell cycle progression and cellular apoptosis,
respectively.

Western blot analysis. Cells were seeded in 10-cm dishes at
70% confluence 1 day prior to treatment. Cells were treated
with 2, 4 and 6 ug/ml of PC and the cultures were incubated
for 48 h in a CO, incubator at 37°C. Cells were harvested and
immediately lysed with RIPA buffer containing protease inhib-
itors (Sigma-Aldrich; Merck KGaA), and centrifuged at 4°C
for 15 min at 10,000 x g. The protein content of the lysate was
quantified using the Bradford method, and an equal quantity of
protein was separated by 10% SDS-PAGE and transferred onto
a nitrocellulose membrane (Bio-Rad Laboratories) and was
blocked at 4°C overnight with 5% non-fat dry milk followed by
incubation with primary and secondary antibodies (Table I).
The chemiluminescent signal was developed with ECL-plus
reagent (Bio-Rad, Laboratories, Inc.) and detected by autora-
diography. The antibody for -actin was used as the reference
protein for western blot analysis. The signal intensity in the
western blots was quantified as arbitrary scanning units (ASU)
using Molecular Imager GS800 and Quantity One software
(Bio-Rad Laboratories, Inc.)

Caspase assay. Caspase-3/7 activity in the MDA-MB-231
cells was measured using a Caspase-Glo assay kit (Promega
Corporation). Briefly, the cells treated with PC were homog-
enized by sonication in homogenization buffer (25 mmol/l
HEPES, pH 7.5, 5 mmol/l MgCl,, and 1 mmol/l EGTA)
and protease inhibitors (all from Sigma-Aldrich; Merck
KGaA). The homogenate was centrifuged at 6,500 x g at 4°C
for 15 min and the supernatant was used for experiments.
To 10 ul of the supernatant, equal volume of the assay
reagent was added, and the mixture was incubated at room
temperature for 2 h. The luminescence was measured using a
Iuminometer (Thermo Fisher Scientific, Inc.). The data were
expressed as RLUs.

Statistical analysis. The data were obtained from replicate
experiments for the dose response, Al growth, cell cycle
progression and caspase-3/7 activity assays and are expressed
as the mean + SD, n=3 per treatment group. The comparisons
of statistically significant differences between the common
control and multiple treatment groups were analyzed using
one-way analysis of variance with Dunnett's multiple compar-
ison test as a post-hoc with a threshold of a=0.05. P<0.05 was
considered to indicate a statistically significant difference.
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Table I. Source of antibodies.
Antibody Vendor Catalogue no. Dilution
Primary
[B-actin C4 Santa Cruz Biotechnology, Inc. sc-47778 1:200
Cyclin D1 Santa Cruz Biotechnology, Inc. sc-246 1:200
RB Santa Cruz Biotechnology, Inc. sc-74562 1:100
CDK4 Cell Signaling Technology, Inc. 12790 1:1,000
CDK6 Cell Signaling Technology, Inc. 7961 1:200
p-RB Ser780 Cell Signaling Technology, Inc. 3590 1:100
Secondary
Anti-rabbit IgG-HRP Santa Cruz Biotechnology, Inc. sc-2357 1:1,000
HRP, horseradish peroxidase.
Table II. Growth inhibitory effects of PC on MDA-MB-231 cells.
Treatment Concentration (¢ g/ml) Relative luminescent units® P-value Inhibition (% control)
Control - 0.65+0.02 -
PC 3 0.45+0.01 -30.8
6 0.21+£0.01 0.020 -67.7
12 0.18+0.02 0014 =723
24 0.10+0.01 0.001 -84.8

"Determined at day 7 post-seeding of 5.0x10° cells using the Cell Titre Glo assay. Data are presented as the mean + SD, n=3 per treatment group,
and analyzed by ANOVA and Dunnett's multiple comparison post-hoc test (a=0.05). PC, Psoralia corylifolia, ANOVA, analysis of variance.

Table III. Inhibition of anchorage-independent growth of MDA-MB-231 cells by PC.

Treatment Concentration (zg/ml) Al colony number® IC P-value
Control - 74551 - -
PC 1 641+59
5 559+56 IC,5 0.050
10 373448 ICy, 0.037
20 30774
40 230+58
60 123+11
80 69+5 1Cy, 0.014

Al colony number determined at day 21 post-seeding of 5.0x107 cells. Data are presented as the mean + SD, n=3 per treatment group, and
analyzed by ANOVA with Dunnett's multiple comparison post-hoc test (0=0.05). Al, anchorage independent; IC, inhibitory concentration; PC,

Psoralia corylifolia; ANOVA, analysis of variance.

Results

Growth inhibitory effect of PC. The data on the growth inhibi-
tory effects of PC are presented in Table II. These data exhibited
a dose-dependent inhibitory response in MDA-MB-231
cells. As indicated by the RLU values, treatment with 6,
12 and 24 ug/ml PC for 7 days resulted in a decrease of 67.7%
(P=0.020), in a decrease of 72.3% (P=0.014) and in a decrease

of 84.8% (P=0.001), respectively, relative to the untreated
control. These data identified the IC,5 as 2.4+0.3 ug/ml, the
ICy, as 4.4+1.0 ug/ml and the IC,, as 25.5+1.8 ug/ml, respec-
tively, relative to the untreated control.

Effect of PC on Al colony formation. The data on inhibition of
Al colony formation by PC are presented in Tables IIT and SI. A
21-day treatment with PC identified the IC,; as 5 ug (P=0.050),
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Table IV. Effect of PC on cell cycle progression in MDA-MB-231 cells.

Treatment Concentration (zg/ml) G;: S+ G/M? P-value Fold of control
Control - 0.6+0.1 -
PC 3 0.9+0.2
6 2.1+0.3 0.020 2.5x
12 2.7+0.3 0.014 3.5x

“Determined at day 3 post-seeding of 5.0x10° cells. Data are presented as the mean + SD, n=3 per treatment group, and analyzed by ANOVA
with Dunnett's multiple comparison post-hoc test (a=0.05). PC, Psoralia corylifolia; ANOVA, analysis of variance.

Table V. Effect of PC on the apoptosis of MDA-MB-231 cells.

Treatment Concentration (¢ g/ml) Sub G, (%)* P-value Caspase-3/7 activity (RLU)* P-value
Control - 50+£1.2 0.5+0.1
PC 3 18.0+1.4 0.020 6.5+1.3 0.014
6 20.0+2.7 0.020 50.8+3.1 0.005
12 60.0+5.0 0.014 75.0+5.0 0.001

“Determined at day 3 post-seeding of 5.0x10* cells. Data are presented as the mean = SD, n=3 per treatment group, and analyzed by ANOVA
with Dunnett's multiple comparison post-hoc test (a=0.05). PC, Psoralia corylifolia; RLU, relative luminescent units; ANOVA, analysis of

variance.
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Figure 1. Western blot analysis of select proteins of the RB pathway. The
expression levels of cyclin DI, CDK4, CDK6 and p-RB were inhibited in
response to treatment with PC. PC, Psoralea corylifolia; CDK4, cyclin
dependent kinase 4; CDK®6, cyclin dependent kinase 6, p-RB, phosphorylated
retinoblastoma; RB, retinoblastoma; ASU; arbitrary scanning unit.

the ICs, as 10 pug (P=0.037) and the IC,, as 80 pg (P=0.014),
respectively, relative to the untreated control.

Effect of PC on cell cycle progression. The effect of PC on
cell cycle progression is presented in Tables IV, SII and SIII.
The data expressed as the G;: S + G,/M ratio demonstrated
that treatment with PC at 6 ug/ml exhibited a 2.5-fold increase

(P=0.020) and treatment with PC at 12 pg/ml exhibited
a 3.5-fold (P=0.014) increase respectively, relative to the
untreated control.

Effect of PC on RB signaling. The data presented in Fig. 1
are the results of the analyses of the effects of PC on the RB
signaling. The proteins, cyclin D1, CDK4, CDK6 and p-RB,
involved in this pathway exhibited a dose-dependent decrease,
relative to the untreated control.

Effect of PC on cellular apoptosis. The data presented
in Tables V and SIV are the results of the analyses of the
effect of PC on cellular apoptosis by quantifying the status
of cells in sub G, (apoptotic) phase of the cell cycle and the
pro-apoptotic caspase-3/7 activity. Treatment with PC resulted
in a dose-dependent increase in the sub G, phase, as well as
an increase in the caspase activity, relative to the untreated
control.

Discussion

Conventional treatment options for TNBC are frequently associ-
ated with systemic toxicity and acquired drug resistance leading
to progression of therapy resistant disease. Moreover, there are
no drugs available for secondary prevention of TNBC. These
considerations emphasize a need to identify relatively non-toxic
efficacious naturally occurring testable alternatives. The nutri-
tional herb, PC, has documented anti-oxidative, chemo-protective
and anti-inflammatory activities. This herb is used in the tradi-
tional Chinese medicine and in Indian Ayurvedic medicine for
general health management, as a treatment for leukoderma and
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psoriasis, and also as a palliative for breast cancer patients. PC is
commonly used in a dose range of 10 to 15 g in herbal formula-
tions in combination with additional herbs (14).

In the present study, treatment of the MDA-MB-231 cells
with PC at a low concentration range of 3 to 24 pg/ml led to
a dose-dependent reduction in viable cell number, identifying
an effective dose range of 3 to 12 pg/ml, and a maximum
cytostatic dose of 24 ug/ml.

Experiments using the anchorage-independent colony
formation assay revealed a dose-dependent reduction in the
number of AI colonies in response to treatment with PC.
Published evidence on the present TNBC model has demon-
strated quantifiable increase in Al colony number (9,10). By
contrast, the triple-negative non-tumorigenic 184-B5 breast
epithelial cells are notable for the absence of Al colony
formation (15). The selectivity of Al growth in the carcinoma
derived cells suggests that the AI colony formation represents
a sensitive and specific in vitro surrogate end point biomarker
for in vivo tumorigenic potential. Thus, the inhibition of Al
colonies in response to treatment with PC suggests that PC
may reduce the risk of developing breast cancer.

In the present study, experiments to examine the effects of
PC on cell cycle progression revealed an increased G;: S + G,/M
ratio due to G, phase arrest. At the mechanistic level, the inhi-
bition of cell cycle progression was associated with reduced
expression levels of cyclin D1, CDK4, CDK6 and p-RB. TNBC
is notable for defective RB signaling pathway, and cyclin D1
is involved in the CDK4/CDK6™ pRB pathway (16). Cyclin D1
functions as a G, specific cyclin for G, to S phase transition
during cell cycle progression, and represents a potential thera-
peutic target (17). Pharmacological inhibitors of CDK4 and
CDKG6 function during G, to S phase transition (18). Thus, the
data demonstrating that PC induced G, arrest, and inhibited
CDK4 and CDKG6 expression, suggest that PC may function as
a natural CDK inhibitor. Collectively, these data suggest that
PC may downregulate defective RB signaling and thereby,
provide plausible mechanistic leads for the anti-proliferative
effects of PC in the present experimental system.

Experiments to examine the effect of PC on cellular
apoptosis revealed that treatment with PC at the concentration
range of 3 to 12 ug/ml induced an increase in the subG, (apop-
totic) phase of the cell cycle, and a corresponding increase in
the pro-apoptotic caspase-3/7 activity. Collectively, these data
provide a mechanistic lead for pro-apoptotic effects of PC
and suggest possible involvement of the intrinsic pathway of
cellular apoptosis.

Traditional Chinese medicine involves boiling the herbal
formulation to prepare an aqueous extract for patient consump-
tion. To simulate this clinical scenario, a non-fractionated
aqueous extract of PC was used in the present study. The
specific role of individual bioactive components in the herbal
formulation is not well-defined. It is conceivable that the bioac-
tive agents may act in a synergistic/additive manner, leading to
growth inhibitory efficacy. The phytochemical analysis of PC
has demonstrated the presence of coumarins, flavonoids and
meroterpenes (19). The phytochemical isobavachalcone present
in PC has been documented to increase ER-a expression,
CD44 expression and affects paclitaxel resistance in MCF-7
breast cancer cells (20). In colon carcinoma-derived HCT-116
and SW480 cells, this phytochemical has documented efficacy
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via the AKT/GSK-3p/p-catenin axis (21), and has also been
shown to inhibit cyclin D1 and CDK-4 in HCT116, SW480,
LoVo and HT29 colon carcinoma-derived cellular models (22).
The anti-proliferative and pro-apoptotic effects of PC extract in
the MCF-7 model have been shown to be due to the upregula-
tion of PARP, reactive oxygen species (ROS), pro-apoptotic
caspase-7, caspase-9 and BCI-2 associated protein X (BAX),
respectively (23). Psoralen, another putative bioactive agent
present in PC, has been shown to induce G, arrest and reverse
the expression of multi-drug resistance (MDR) genes in an
adriamycin-resistant MCF-7/ADR model (24). Taken together,
these mechanistic data provide a proof of concept for involve-
ment of select cell cycle regulatory and apoptosis specific
proteins in the growth inhibitory effects of PC.

Atthe present time, no drugs are available for the secondary
prevention of TNBC, at least to the best of our knowledge.
Since PC has demonstrated efficacy against TNBC and is a
non-toxic nutritional herb, it carries great promise for effective
long-term secondary prevention for this type of breast cancer.

In conclusion, the present study provides plausible mecha-
nistic leads for the efficacy of PC as a testable alternative
against TNBC. Furthermore, these in vitro data on a cellular
model of TNBC represent a scientific rationale for subsequent
in vivo investigations on TNBC tumors. Overall, the study
outcome validates the present experimental approach to
identify and prioritize efficacious natural products as potential
dietary supplements for prevention/therapy of breast cancer.
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