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Liquiritigenin decreases tumorigenesis by inhibiting DNMT
activity and increasing BRCA1 transcriptional activity in triple-
negative breast cancer
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Impact statement

Triple negative breast cancer (TNBC) is an
aggressive cancer with a poor prognosis
and higher metastatic rates and relapse
frequencies than other breast cancers.
Natural flavonoid liquiritigenin reportedly
inhibits invasiveness of TNBC MDA-MB-
231 cells, but its specific role and
mechanism remain unclear. This study
administered different doses of liquiritigenin
into TNBC cell lines MDA-MB-231 and
BT549, and found that it hindered cell pro-
liferation, increased apoptosis, and
repressed cell invasion and migration.
BRCA1 exerts multiple functions and is
closely related to the occurrence and
development of breast cancer. Interestingly,
the mRNA and protein expression of
BRCAT1 increased after liquiritigenin admin-
istration. Liquiritigenin also upregulated two
downstream genes of BRCA1 (p21 and
DNA-damage-inducible 45 alpha),
decreased cellular DNA methyltransferase
(DNMT) activity, and reduced BRCA1 pro-
moter methylation. Thus, liquiritigenin may
be a promising candidate for the treatment
of TNBC due to its inhibition of DNMT
activity and upregulation of BRCAT.

Abstract

As a selective estrogen receptor  agonist, the natural flavonoid liquiritigenin reportedly
inhibits invasiveness of breast cancer cells, but its specific role and mechanism remain
largely unclear. In this study, cells from the triple negative breast cancer lines MDA-MB-
231 and BT549 were incubated with different concentrations of liquiritigenin. The results
indicated that low concentrations had no significant cytotoxic effect, whereas high concen-
trations decreased viability of both MDA-MB-231 and BT549 cells. Liquiritigenin treatment
also resulted in increased apoptosis and enhanced Caspase3 activity. After liquiritigenin
treatment, we observed decreased invasive and migratory capacities of cells, as well as
upregulated E-cadherin and downregulated N-cadherin, vimentin, and MMP9. Interestingly,
liquiritigenin increased the mRNA and protein expression of breast cancer 1 (BRCA1). It also
increased p21 and growth arrest and DNA-damage-inducible 45 alpha (GADD45A) levels,
accompanied by decreased cellular DNA methyltransferase (DNMT) activity and downre-
gulation of DNMT1, DNMT3a, and DNMT3b. These findings suggest that liquiritigenin can
inhibit malignant behavior of triple negative breast cancer cells by inhibiting DNMT activity
and increasing BRCA1 expression and its transcriptional activity. Liquiritigenin thus may be
a promising candidate for the treatment of breast cancer.
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Introduction

Breast cancer is the most common malignant cancer
worldwide, causing millions of deaths every year.'

ISSN 1535-3702

Despite advances in chemotherapy, surgical resection, and
endocrine therapy, prognoses remain poor among some
patients, especially those with high-metastatic types.'
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Approximately 10% to 20% patients of all breast cancer
have triple negative breast cancer (TNBC), meaning their
immunohistochemical results are estrogen receptor nega-
tive, progesterone receptor negative, and human epidermal
growth factor receptor 2 negative.” This aggressive type of
breast cancer usually presents with a higher tumor grade,
larger tumor size, higher metastatic rate, and more frequent
recurrence than other breast cancers.>* TNBC thus is asso-
ciated with shorter survival and increased mortality rates,
and requires more effective therapeutic agents and treat-
ment strategies.

Breast cancer 1 (BRCA1) protein is a versatile tumor sup-
pressor that has critical roles in DNA damage repair and
transcriptional regulation.”® It is closely related to mamma-
ry tumorigenesis and progression.*” BRCA1 mutation or its
promoter methylation is closely associated with increased
risks of familial and sporadic breast cancers,*” as well as
the incidence of TNBC.? Inactivation of BRCA1 reportedly
induces malignant cell behaviors, including reduced apo-
ptosis and accelerated proliferation, invasion, and migra-
tion.” Therefore, inhibiting BRCA1 mutations or reducing
its promoter methylation is helpful for prevention and
treatment of breast cancer.

Due to their various physiological activities and low risk of
side effects, many diet-derived compounds have been exam-
ined for their chemopreventive and therapeutic properties.’
Many flavonoids, such as triptolide and genistein, have been
reported to affect DNA damage repair, DNA methylation, and
BRCA1 expression and thus affect the progression of breast
cancer.>”' Moreover, epidemiological studies show a nega-
tive correlation between breast cancer risk and flavonoid
intake."" Liquiritigenin is a natural flavonoid isolated from
Glycyrrhizae radix that exhibits various pharmacological
effects, including estrogenic,'? anti-oxidative,'* anti-inflamma-
tory,"* and anti-tumor activities."” Liquiritigenin reportedly
restrains  proliferation, invasion, and epithelial-to-
mesenchymal transition (EMT) of colorectal cancer HCT116
cells."? Through inhibiting VEGE, liquiritigenin reduces angio-
genesis and tumor growth, a mouse model of HeLa cells.'® In
B16F10 melanoma cells and mice model, liquiritigenin report-
edly potentiates cisplatin-mediated inhibitory effects on inva-
sion and metastasis."” As an ERB agonist, liquiritigenin also
reportedly represses invasiveness of TNBC cell lines HCC1806
and HCC1937.'® However, its specific role and related mech-
anism in breast cancer progression and whether it affects
BRCA1 expression remain largely unclear.

In this study, cells from the TNBC cell lines MDA-MB-231
and BT549 were incubated with liquiritigenin, and the results
indicated that liquiritigenin hindered cell proliferation,
increased apoptosis, and repressed cell invasion and migra-
tion in both. The possible mechanisms in this process are
related to the liquiritigenin-mediated decrease in DNA meth-
yltransferase (DNMT) activity and upregulation of BRCAL.

Materials and methods

Cell culture and experimental treatments

Cells from the human TNBC cell lines MDA-MB-231 and
BT549 were purchased from the cell bank of the Chinese

Academy of Medical Science (Shanghai, China). Cells were
cultured in Dulbecco’s Modified Eagle’s Medium (ATTC,
Manassas, VA, USA) with 10% fetal bovine serum (Gibco
Life Technologies Inc., Grand Island, NY, USA) and main-
tained at 37°C in 5% CO,. Liquiritigenin was obtained from
Sigma-Aldrich (Shanghai, China) and diluted to final con-
centrations of 0, 10, 20, 50, and 100 uM in culture broth.
After 24h of incubation with or without liquiritigenin,
follow-up detection of cell viability, apoptosis, and invasion
was carried out.

Cell viability detection

Following the manufacturer’s instructions, cell viability of
MDA-MB-231 and BT549 cells was detected using a Cell
Counting Kit-8 (CCK-8; Sigma). Cells were seeded into
96-well plates and allowed to attach for 24 h, followed by
24h of exposure to the different doses of liquiritigenin.
Then, 10 pL of CCK-8 solution was added to each well
and incubated at 37°C for an additional 3h. Absorbance
was detected at 450nm wusing a microplate reader
(Thermo, San Jose, CA, USA).

Colony formation assay

Cells were inoculated on 6-well plates at 1 x 10> cells per
well and cultured with different doses of liquiritigenin for
12 days until visible colonies were formed. After fixing and
staining, the numbers of colonies were counted under a
microscope.

Apoptosis analysis

As recommended by the manufacturer, a Cell Death
Detection ELISA kit (Roche, Nutley, NJ, USA) was used
to assess apoptosis. Absorbance at 405nm was read, and
apoptosis was measured as a percentage of control. In addi-
tion, a Caspase3 colorimetric assay kit (Promega, Madison,
WI, USA) was applied to evaluate Caspase3 activity.

Cell invasion and migration determination

After different administration, cells were collected sepa-
rately and suspended in serum-free medium. Transwell
chambers with 8-uM pores (Corning, Inc., Corning, NY,
USA) were employed to assess cell invasion and migration.
To detect cell invasion, 200 uL of cell suspension containing
2 x 10* cells was added to the upper chamber, which was
precoated with Matrigel (BD Biosciences, Bedford, MA,
USA). Concomitantly, 500pL of Dulbecco’s Modified
Eagle’s Medium containing 10% fetal bovine serum was
added to the lower chamber. After 24h of incubation, the
invaded cells were fixed with methanol and stained with
0.5% crystal violet (Sigma), then counted at x200 magnifi-
cation in five random fields. The experimental procedures
for migration detection were similar to the invasion assay,
except that the upper chambers were not pre-coated with
Matrigel.



Cell cycle analysis

Following the manufacturer’s instructions, cell cycle was
analyzed by a cell cycle Detection Kit (KeyGen Biotech,
Nanjing, China). Cells were seeded into 6-well plates and
exposed to different doses of liquiritigenin for 24 h, then
were harvested and fixed with ice-cold 70% ethanol at
4°C overnight. After washed with phosphate-buffered
saline and stained with propidium iodide/RNase A for
30min in the dark, cells were detected by FACS Calibur
Flow Cytometer (BD Biosciences).

Quantitative real-time polymerase chain reaction

Following the manufacturer’s recommended procedure,
total RNA from cells in each group was extracted using
TRIzol Reagent (Invitrogen, Carlsbad, CA, USA). After
obtaining template cDNA by reverse transcription, a
quantitative real-time polymerase chain reaction (PCR)
was conducted on an ABI Prism 7900HT Sequence
Detector (Applied Biosystems, Foster City, CA, USA). The
relative mRNA levels were calculated using the 24T
method and normalized to ff-actin.

Western blot assay

After extracting with RIPA buffer (Beyotime, Shanghai,
China) and quantitating by a BCA assay, 20 pg of protein
sample was separated via SDS-polyacrylamide gel electro-
phoresis and electro-transferred onto polyvinylidene
difluoride membranes (Millipore, Watford, UK). The mem-
branes were blocked with 5% skim milk for 1h, followed by
overnight incubation with primary antibodies against
E-cadherin, N-cadherin, vimentin, matrix metallopeptidase
(MMP) 9, BRCA1, p21, GADD45A, DNMT1, DNMT3a,
DNMT3b, and f-actin at 4°C. After that, the horseradish
peroxidase-linked secondary antibodies were incubated
with these membranes at room temperature for 1h.
Finally, the bands were visualized and imaged using an
ECL detection system (Pierce, Rockford, IL, USA).
Densitometry was performed using Image ] software. The
relative protein levels were normalized to f-actin.

DNA methyltransferase activity analysis

After the different treatments, the nuclear extract of cells
was obtained via a nuclear extraction reagent (Pierce). The
overall DNMT activity was then quantified using the
EpiQuik™ DNA Methyltransferase Activity/Inhibition
Assay Ultra Kit (EpiGentek, Brooklyn, NY, USA) in line
with the manufacturers’ instructions.

BRCA1 promoter methylation determination

The genomic DNA of cells in each group was extracted
using the phenol-chloroform-isoamyl alcohol method.
After bisulfite modification, methylation-specific PCR was
performed, as described previously.'” The unmethylated
(U)- and methylated (M)-specific primers for BRCA1 were
synthesized by Shanghai Sangon Biotech (Shanghai, China)
as follows: BRCA1, U-sense: 5-TTGAGAGGTTGTTGTTT
AGTGG-3' and U-antisense: 5-AACAAACTCACACCAC
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ACAA-3; M-sense: 5-TCGTG GTAACGGAAAAGCGC-3'
and M-antisense 5-AACGAACTCACGCCGCGCAA-3'.

Statistical analysis

All of the final data were determined from at least three
repeated experiments and are presented as the mean=+
standard deviation (SD). Differences between two groups
or more groups were analyzed via ¢ test or one-way analy-
sis of variance using GraphPad Prism 7.0 software. P < 0.05
was considered statistically significant.

Results

Liquiritigenin inhibited cell survival and colony
formation of TNBC cells

Different doses of liquiritigenin were added to the medium
containing TNBC cell lines MDA-MB-231 and BT549. The
CCK-8 assay showed that low doses of liquiritigenin had
no significant cytotoxic effect on these two cell lines, where-
as high concentrations of liquiritigenin notably reduced
viability of both cells (Figure 1(a), P < 0.05). Liquiritigenin
also significantly decreased colony formation in MDA-
MB-231 and BT549 cells (Figure 1(b), P < 0.05). Moreover,
apoptosis increased in response to liquiritigenin treatment
(Figure 1(c), P < 0.05), accompanied by enhanced Caspase3
activity (Figure 1(d), P <0.05). These results indicate that
liquiritigenin impeded the occurrence and progression of
TNBC by inhibiting tumorigenesis and inducing apoptosis
of breast cancer cells.

Liquiritigenin repressed invasion, migration, and EMT
of TNBC cells

Compared with the control group, the invasive and migra-
tory capacities of MDA-MB-231 and BT549 cells decreased
more in cells treated with liquiritigenin (Figure 2(a) and (b),
P <0.05). Synchronously, the protein expression of E-cad-
herin increased, whereas protein expression of N-cadherin,
vimentin, and MMP9 decreased in both cell lines (Figure 2
(c), P<0.05). These results indicate that liquiritigenin
prevented progression of TNBC by inhibiting invasion,
migration, and EMT in breast cancer cells.

Liquiritigenin enhanced BRCA1 expression in
TNBC cells

Given the functional diversity of BRCA1 and its importance
in breast cancer, we measured the expression of BRCA1 and
some of its downstream and interacting genes in
liquiritigenin-treated breast cancer cells. After administra-
tion with liquiritigenin, both mRNA and protein expression
of BRCA1 increased in MDA-MB-231 and BT549 cells
(Figure 3(a) and (b), P < 0.05). Moreover, protein expression
of p21 and GADD45A increased after liquiritigenin treat-
ment in both MDA-MB-231 and BT549 cells (Figure 3(c),
P <0.05), along with increase in the G1 fraction accompa-
nied by a significant decrease in the S phase (Figure 3(d),
P <0.05). These results indicate that liquiritigenin may
inhibit carcinogenesis and progression of breast cancer by
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Figure 1. Effect of liquiritigenin on proliferation and apoptosis of triple negative breast cancer cells. MDA-MB-231 and BT549 cells were incubated with different
concentrations of liquiritigenin (0, 10, 20, 50, and 100 uM) for 24 h. (a) Cell viability was analyzed using a CCK-8 assay. (b) Colony formation was assessed to evaluate
cellular growth and tumorigenesis. (c) Apoptosis was detected using a Cell Death Detection ELISA kit. (d) Activity of Caspase3 was determined using a Caspase3
colorimetric assay kit. Data are expressed as the mean + SD from three independent experiments. *P < 0.05 versus the control group.
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Figure 2. Effect of liquiritigenin on invasion and migration of triple negative breast cancer cells. MDA-MB-231 and BT549 cells were incubated with 50 uM of
liquiritigenin for 24 h. (a) Cell invasion was measured via Transwell invasion assay. (b) Cell migration was measured via Transwell migration assay. (c) Protein expression
of E-cadherin, N-cadherin, vimentin, and MMP9 was evaluated by Western blot. f-actin was used as the loading control. The bar graph shows the relative protein
expression level. Data are expressed as the mean + SD from three independent experiments. *P < 0.05 versus the control group. (A color version of this figure is
available in the online journal.)
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Figure 3. Effect of liquiritigenin on BRCA1 expression and transcriptional activity. MDA-MB-231 and BT549 cells were exposed to 50 uM of liquiritigenin for 24 h. (a)
The mRNA expression of BRCA1 was detected by real-time PCR. (b) Protein expression of BRCA1 was detected by Western blot. (c) Protein expression of p21 and
GADDA45A was evaluated by Western blot. (d) Cell cycle was analyzed by a cell cycle Detection Kit. Data are expressed as the mean + SD from three independent

experiments. *P < 0.05 versus the control group.

affecting BRCA1 expression and its mediated transcription-
al activity.

Liquiritigenin antagonized DNMTs activity and BRCA1
promoter methylation in TNBC cells

Previous studies have shown a close link between low
expression of BRCA1 and its promoter methylation.
Previous studies showed that BRCA1 promoter methyla-
tion was observed in about 20%-60% of TNBC
patients.>*** The methylation status of BRCAL1 is signifi-
cantly correlated with the co-expression of DNMTs.* In
our study, administration with liquiritigenin markedly
decreased cellular DNMT activity in both MDA-MB-231
and BT549 cells (Figure 4(a), P <0.05), accompanied by
decreased expression of DNMT1, DNMT3a, and

DNMT3b (Figure 4(b), P <0.05). Synchronously, BRCA1
methylation was lower in liquiritigenin-treated cells than
in the control (Figure 4(c), P < 0.05). These results indicate
that liquiritigenin may regulate BRCA1 expression via reg-
ulating DNMT activity and BRCA1 promoter methylation.

Discussion

Despite great advances in medical technology, treatment
and prognosis for breast cancer, especially TNBC is still
poor at so far. Flavonoids exhibit cytotoxic, anti-
proliferative, and pro-apoptotic properties and thus have
been used as anti-cancer agents.** Epidemiological studies
show that high intake of flavonoids is negatively correlated
with breast cancer risk."" Because flavonoids have a chem-
ical structure that is similar to that of estrogen, they offer
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Figure 4. Effect of liquiritigenin on decreased cellular DNA methyltransferase activity and BRCA1 promoter methylation. MDA-MB-231 and BT549 cells were incu-
bated with 50 uM of liquiritigenin for 24 h. (a) Decreased cellular DNA methyltransferase (DNMT) activity was evaluated using a commercial kit. (b) The protein
expression of DNMT1, DNMT3a, and DNMT3b was evaluated by Western blot. (c) BRCA1 promoter methylation was evaluated by methylation-specific PCR. Data are
expressed as the mean - SD from three independent experiments. *P < 0.05 versus the control group. *P < 0.05 versus the liquiritigenin group.

potential advantages in preventing and treating breast
cancer.*? Liquiritigenin is a natural flavonoid that inhibits
invasiveness of TNBC cell lines HCC1806 and HCC1937.'®
However, its specific role and related mechanism in breast
cancer progression remain largely unclear. In this study, we
demonstrated that liquiritigenin can impede progression of
breast cancer by reducing proliferation, inducing apopto-
sis, and inhibiting invasion, migration, and EMT of breast
cancer cells. The possible mechanisms in this process may
relate to a liquiritigenin-mediated decrease in DNMT activ-
ity and upregulation of BRCA1.

Flavonoids reportedly inhibit the occurrence and devel-
opment of breast cancer.”* For example, the flavonoids
apigenin, genistein, hesperidin, naringin, and quercetin
exhibit cytotoxic activity and induce cell cycle arrest and
apoptosis in human breast cancer MDA-MB-231 and
MCF-7 cells.** By downregulating the PTHrP pathway,
total flavonoids from Scutellaria barbata D. Don inhibit
human breast to bone metastasis.”® As a natural flavonoid,
liquiritigenin also has anti-cancer properties in breast
cancer.” In this study, high concentrations of liquiritigenin
inhibited proliferation, induced apoptosis, and repressed
invasion and migration in both MDA-MB-231 and BT549
cells. These results align with those of a previous study
suggesting that liquiritigenin inhibits proliferation, inva-
sion, and EMT of colorectal cancer cells.'? Moreover, similar
to its pro-apoptotic and inhibition effects on EMT in
HCT116 cells,'? as well as its inhibitory effects on invasion
and metastasis of B16F10 melanoma cells,"” liquiritigenin
treatment also enhanced Caspase3 activity, upregulated
E-cadherin, and downregulated N-cadherin, vimentin,
and MMP9 expression in both MDA-MB-231 and BT549

cells. These findings suggest that liquiritigenin can inhibit
the occurrence and development of breast cancer by reduc-
ing cellular proliferation, inducing apoptosis, and inhibit-
ing cell invasion and migration.

BRCA1, which is poorly expressed in breast cancer
cells, is a multifunctional tumor suppressor involved in
many biological processes, including cell cycle regulation,
apoptosis, DNA damage repair, gene transcriptional regu-
lation, and ubiquitination.” BRCA1 deregulation or
mutation is closely associated with increased risk of famil-
ial and sporadic breast cancers.*>”?® Previous studies
showed that BRCA1 promoter methylation was observed
in about 20%-60% of TNBC patients.>*"** Evaluation of
BRCA1 methylation was significantly related to poor over-
all survival of breast cancer.”” Inactivation of BRCA1 can
exacerbate malignant cell behaviors, including reduced
apoptosis and accelerated proliferation, invasion, and
migration.” Astragalus flavone shows anti-proliferation,
pro-apoptotic, and anti-metastasis effects in breast cancer
with increased expression of BRCA1.'® A combination
treatment of quercetin and curcumin has been shown to
induce anti-cancer activity against TNBC cells by enhanc-
ing BRCA1 expression.”® Similarly, our data showed that
liquiritigenin treatment significantly increased mRNA
and protein expression of BRCA1 in both MDA-MB-231
and BT549 cells. Moreover, the expression of p21 and
GADD45A, two downstream genes of BRCAIl, was
upregulated by liquiritigenin. Studies have shown that
inhibiting p21 transcription can lead to poor clinical out-
comes of TNBC by promoting tumor cell growth and drug
resistance,” and upregulating p21 by PVT1 knockdown
can repress cell proliferation, migration, and EMT of



TNBC cells.>® GADDA45A is a cell growth arrest and DNA
damage repair gene that can interact with BRCA1, thereby
maintaining genomic stability, regulating cell cycle arrest
and apoptosis, removing carcinogenic adducts, and pre-
venting tumorigenesis.’® Liquiritigenin thus may affect
TNBC progression by upregulating BRCA1 and affecting
its transcriptional activity.

Low expression of BRCAL is closely related to its pro-
moter methylation.”® Flavonoids can affect DNA methyla-
tion and genome stability.*>** Moreover, DNMT can affect
the expression of BRCA1.?® In this study, liquiritigenin led
to a significant decrease in cellular DNMT activity and
BRCA1 methylation, accompanied by decreased expression
of DNMT1, DNMT3a, and DNMT3b. DNMT3b expression
is reportedly responsible for the epigenetic inactivation of
BRCA1.%® Reduced DNMT1 expression can lead to hypo-
methylation of the BRCA1 promoter and increase its
expression in MDA-MB-231 cells.”” Thus, liquiritigenin
may affect BRCA1 expression via regulating DNMT activity
and BRCA1 promoter methylation.

Conclusions

Liquiritigenin exerts anti-cancer effects in TNBC by inhib-
iting proliferation, promoting apoptosis, and suppressing
invasion and migration of TNBC cells. The possible mech-
anisms may be partially related to a liquiritigenin-mediated
decrease in DNMT activity and upregulation of BRCAL.
However, the mechanisms and specific molecular regulato-
ry networks need further research.
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