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Abstract

Berberine, an isoquinoline alkaloid purified from Chinese herbs, was verified to have antitumor effects. It has also been reported that
berberine can enhance the anticancer effect of tamoxifen (TAM) in estrogen receptor (ER)-positive breast cancer cells; however, the
involved underlying mechanism is still unclear. In the present study, the role of one variant of ER-α, ER-α36, in the TAM sensitizing
effect of berberine was explored in TAM-resistant breast cancer cells. This study demonstrated that berberine potently sensitized
TAM-resistant breast cancer cells, including TAM-resistant MCF7 and BT-474 cells, to TAM treatment. Additionally, this study showed
that berberine could simultaneously suppress ER-α36 expression in TAM-resistant cells. However, when ER-α36 was knocked down
in TAM-resistant cells, there was no significant TAM-sensitizing effect by berberine. Therefore, this study indicated that ER-α36 is
involved in berberine’s TAM-sensitizing effect on ER-positive breast cancer cells, which provided supporting data for the application
of berberine in cancer therapy as an adjuvant agent for TAM treatment.
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1. Background

Breast cancer is one of the most prevalent cancers

worldwide, and over 60% of breast cancers are estrogen re-

ceptor (ER)-positive, which is currently the most common

type of breast cancer (1). Endocrine therapy using tamox-

ifen (TAM) has been successfully used to treat breast can-

cer for about 40 years. However, despite the apparent an-

ticancer effect of TAM, patients often develop resistance

to TAM, limiting its therapeutic effectiveness (2-4). The

mechanism by which breast tumors lose their response to

TAM remains unclear. A growing body of evidence over re-

cent years has indicated that high expression of the epi-

dermal growth factor receptor (EGFR) and human epider-

mal growth factor receptor 2 (HER2) in breast cancer cells

is associated with TAM resistance (5-8). Researchers have

shown that inhibitors targeting EGFR and/or HER2 can

effectively prevent TAM resistance in breast cancer cells

(9). Considering these inhibitors’ toxicity and side effects,

less toxic therapeutic agents to treat TAM resistance in ER-

positive breast cancer are urgently needed.

In 2005, Wang et al. reported a novel subtype of ER-α,

ER-α36, with a molecular weight of 36 kDa (10, 11). Different

from classic ER-α66, ER-α36, which is mainly located in the

plasma membrane, is a mediator of nongenomic estrogen

signaling. Clinical research demonstrated that patients

with high levels of ER-α36 expression in breast cancer tis-

sues have a worse prognosis in TAM therapy than those

with low levels of ER-α36 in cancers (12). TAM treatment

was reported to induce ER-α36 expression in TAM-sensitive

MCF7 breast cancer cells (13); however, ER-α36 knockdown

restored TAM sensitivity in these cells (8). The aforemen-

tioned results indicate that ER-α36 plays an essential role

in TAM-resistant breast cancer. Further mechanistic stud-

ies verified that ER-α36 could interact with the EGFR or

HER2 in breast cancer cells, creating a positive regulatory

loop between ER-α36 and EGFR/HER2 (14, 15). Yin et al.

demonstrated that this regulatory loop is one important

mechanism involved in TAM resistance and that disrup-

tion of this loop restores TAM sensitivity in TAM-resistant

breast cancer cells (13).

Berberine (Figure 1A), an isoquinoline alkaloid purified
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from Chinese herbs, has been reported to have a wide va-

riety of bioactivities, such as its antidiarrheal, anticancer,

and anti-inflammatory properties. Berberine exhibits can-

cer therapy-sensitizing activity and assists chemotherapy

by affecting several signaling pathways. Wen et al. re-

ported that berberine enhanced the anticancer effect of

TAM in TAM-resistant MCF7 (MCF7-TAMR) cells (16). There-

fore, berberine is a potential TAM-sensitizing agent that

might re-sensitize breast cancers to TAM therapy. This

study investigated the TAM-sensitizing effect and under-

lying mechanism of berberine in MCF7-TAMR and BT-474

breast cancer cells.

2. Objectives

The current study revealed that berberine de-

stroyed the positive regulating loop between ER-α36

and EGFR/HER2, which sensitized breast cancer cells to

TAM. The findings of this study suggested that berber-

ine might be an adjuvant agent for the treatment of

TAM-resistant breast cancer.

3. Methods

3.1. Chemicals and Antibodies

Berberine (≥ 98% pure) was purchased from Sigma-

Aldrich (St. Louis, MO, USA). Anti-EGFR and anti-HER2

antibodies were obtained from cell signaling technology

(Boston, USA). An anti-ER-α36 primary antibody was kindly

provided by Dr. Zhao-Yi Wang (Creighton University, Ne-

braska, USA). An anti-β-actin antibody was obtained from

Santa Cruz Biotechnology (Santa Cruz, USA). Dulbecco’s

modified eagle’s medium (DMEM) and fetal bovine serum

(FBS) were purchased from Thermo Fisher Scientific (Sun-

nyvale, CA, USA).

3.2. Cell Culture and Treatments

BT-474 cells were obtained from the China Center for

Type Culture Collection (Wuhan, China). MCF7-TAMR cells

were kindly provided by Dr. Zhao-Yi Wang (Creighton Uni-

versity). Breast cancer cells were maintained in DMEM con-

taining 10% FBS and 1% penicillin/streptomycin (Thermo

Fisher Scientific, Sunnyvale, CA, USA) at 37°C in a 5% CO2

incubator. Before berberine treatment, the cells were cul-

tured in phenol red-free DMEM (Thermo Fisher Scientific,

Sunnyvale, CA, USA) containing 2.5% charcoal-stripped fe-

tal calf serum (HyClone, Logan, UT, USA) for 24 hours.

3.3. Cell Viability Assay

The MTT cell viability assay was applied to determine

the inhibitory effect of berberine or lapatinib on breast

cancer cells as previously described (17). Briefly, the cells

seeded in 96-well culture plates were exposed to differ-

ent concentrations of berberine or lapatinib for 72 hours.

Then, cell viability was analyzed using the MTT assay. The

cells were treated with 5 mg/mL MTT for 4 hours at 37ºC and

resuspended in dimethyl sulfoxide (DMSO). The resultant

MTT formazan was dissolved in 100µL of DMSO, and the ab-

sorbance was measured at the wavelength of 490 nM with

a microplate reader.

3.4. Cell Growth Assay

The breast cancer cells were harvested at a final concen-

tration of 50,000 cells per dish (60 mm). Berberine and/or

TAM at the indicated concentrations were added after 24

hours. The TAM and/or berberine were usually added to the

cell culture medium on days 0, 3, and 6 to maintain TAM

and/or berberine dosage level. After the 7-day treatment of

berberine and/or TAM, the cell numbers were determined

as previously described (18). Each concentration was tested

in three dishes, and all of the experiments were conducted

in triplicate.

3.5. Establishment of Stable Cell Lines

The ER-α36 knockdown cells were established using

the short hairpin ribonucleic acid (shRNA) method as pre-

viously described (19). Briefly, ER-α36-specific shRNA ex-

pression vector or negative control vector (both vectors

kindly provided by Dr. Zhao-Yi Wang) were transfected in

MCF7-TAMR or BT-474 cells, respectively, and stable cell lines

were selected in a medium containing 300 µg/mL G418 for

at least 3 weeks. The MCF7-TAMR cells stably transfected

with negative control vector and ER-α36-specific shRNA ex-

pression vector were named MCF7-TAMR/shNC and MCF7-

TAMR/sh36 cells, respectively. The BT-474 cells stably trans-

fected with negative control vector and ER-α36-specific

shRNA expression vector were named BT-474/shNC and BT-

474/sh36 cells, respectively. The extent of the ER-α36 knock-

down was verified using the western blot analysis.

3.6. Western Blot

The total proteins were extracted from cells with RIPA

buffer (Beyotime, China) containing 1% phenylmethylsul-

fonyl fluoride (PMSF) and a 1% phosphatase inhibitor cock-

tail solution (Beyotime, China). The BCA protein assay
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Figure 1. Sensitization of MCF7-TAMR and BT-474 breast cancer cells to TAM by berberine; A, Chemical structure of berberine; B, Inhibitory effects of different doses of berberine
on the viability of MCF7-TAMR and BT-474 cells; C and D, Effect of different doses of berberine on the growth of MCF7-TAMR (A) and BT-474 (B) Cells; *P < 0.05 vs. vehicle; E and
F, Effects of combined treatment with berberine and TAM on the growth of MCF7-TAMR (E) and BT-474 (F). Cells were treated with various concentrations of TAM with or
without berberine for 7 days, and the numbers of surviving cells were counted. *P < 0.05 Each point represents the mean± standard error of the mean of three independent
experiments.

kit (Bio-Rad, USA) was used to determine protein quan-

tities. The proteins were isolated by 10% sodium dode-

cyl sulfate-polyacrylamide gel electrophoresis, which were

then transferred to a polyvinylidene difluoride (PVDF)

membrane (Millipore Corp., Billerica, MA, USA). Then,

the membrane was incubated with a primary antibody

overnight at 4°C. Subsequently, the membrane was in-

cubated with a horseradish peroxidase-conjugated sec-

ondary antibody and developed using an ECL Western blot-

ting detection system (GE Healthcare, Piscataway, NJ, USA).

Data analysis was performed using ImageJ computer soft-

ware (version 1.8.0; National Institutes of Health, USA).

3.7. Statistical Analysis

All the experiments in this study were repeated at least

three times. All the data are presented as the mean± stan-

dard error of mean and analyzed by GraphPad InStat soft-

ware (version 3.06). Some comparison data were analyzed

by the Tukey-Kramer multiple comparisons test. Differ-

ences with a p-value less than 0.05 were considered statis-

tically significant.

Iran J Pharm Res. 2022; 21(1):e126919. 3



Pan X et al.

4. Results

4.1. Sensitization of Breast Cancer Cells to TAM by Berberine

Berberine at certain concentrations was reported to in-

hibit the growth of TAM-sensitive MCF7 and MCF7-TAMR

cells (16). BT-474, a breast cancer cell line overexpressing

HER2, also exhibits resistance to TAM treatment (20). This

study first examined the inhibitory effect of berberine on

MCF7-TAMR and BT-474 cells using MTT assays. As shown

in Figure 1B, berberine inhibited breast cancer MCF7-TAMR

cell growth with a half-maximal inhibitory concentration

(IC50 value of 20.77 µM, and its IC50 value in BT-474 was

24.28µM. We then examined whether berberine sensitizes

MCF7-TAMR and BT-474 cells to TAM treatment. The MCF7-

TAMR and BT-474 cells were treated with different concen-

trations of berberine for 7 days, and the cell numbers were

counted on day 7, respectively. As the results depicted

in Figure 1C and D, berberine markedly suppressed the

growth of both cell lines. Then, this study tested the ef-

fect of TAM together with berberine on the growth of MCF7-

TAMR and BT-474 cells and showed that TAM and berberine

synergistically inhibited the growth of both cell lines (Fig-

ure 1E and F). The aforementioned results indicated that

berberine sensitized MCF7-TAMR and BT-474 cells to TAM

treatment.

4.2. Downregulation of ER-α36 Expression in TAM-Resistant

Breast Cancer Cells by Berberine

It has been reported that TAM therapy has a poorer

curative effect on patients with breast cancers express-

ing a high level of ER-α36, compared to those with can-

cers expressing a low level of ER-α36 (12). Previous stud-

ies also confirmed that TAM-resistant breast cancer cells,

such as BT-474 cells and cultured MCF7-TAMR cells, express

high levels of ER-α36 (8, 18). Moreover, ER-α36 knockdown

can restore TAM sensitivity in TAM-resistant breast can-

cer cells, implying that a high level of ER-α36 expression

plays a key role in TAM resistance. Then, this study deter-

mined whether berberine inhibits ER-α36 expression. It

was found that ER-α36 expression was downregulated by

berberine in a dose-dependent manner in both MCF7-TAMR

and BT-474 cells (Figure 2A and B). The aforementioned re-

sults revealed that ER-α36 downregulation is one possible

reason for the TAM sensitization induced by berberine in

breast cancer cells.

4.3. Disruption of Regulatory Loop Between ER-α36 and

EGFR/HER2 by Berberine

It has been confirmed that the positive regulatory loop

between ER-α36 and EGFR/HER2 confers TAM resistance

in breast cancer cells (13, 21). For the determination of

whether this loop is also involved in berberine-mediated

TAM resistance, the present study examined the change of

expression level of EGFR/HER2 in MCF7-TAMR and BT-474

cells following berberine treatment. The obtained data

showed that berberine treatment suppressed both EGFR

and HER2 expression in these two cell lines (Figure 3A

and B). The aforementioned findings demonstrated that

berberine disrupts the regulatory loop between ER-α36

and EGFR/HER2 in MCF7-TAMR and BT-474 cells.

For the further confirmation of the relationship be-

tween ER-α36-EGFR/HER2 loop and berberine-induced TAM

sensitization, MCF7-TAMR and BT-474 cells were treated

with different concentrations of lapatinib, a dual tyrosine

kinase inhibitor. Lapatinib treatment inhibited the expres-

sion of both EGFR/HER2 and ER-α36 in these cell lines (Fig-

ure 4A and B). Meanwhile, lapatinib treatment improved

TAM sensitivity in MCF7-TAMR and BT-474 cells (Figure 4C

and D). In total, the aforementioned results demonstrated

that berberine could disrupt the loop between ER-α36 and

EGFR/HER2, which consequently restores TAM sensitivity in

breast cancer cells.

4.4. Reduction of Sensitivity to Berberine in Breast Cancer Cells

by ER-α36 Knockdown

The current study further characterized whether the

ER-α36 expression level alters the effects of berberine on

MCF7-TAMR and BT-474 cells. Two stable ER-α36 knock-

down cell lines, MCF7-TAMR/sh36 and BT-474/sh36, were

established. Western blot results demonstrated that ER-

α36 was significantly suppressed in ER-α36 knockdown

MCF7-TAMR/sh36 and BT-474/sh36 cells, compared to con-

trol cells, MCF7-TAMR/shNC and BT-474/shNC cells, respec-

tively (Figure 5A and B). Then, the effect of ER-α36 knock-

down on berberine sensitization activity was examined in

breast cancer cells. As the results shown in Figure 5C, MCF7-

TAMR/sh36 cells did not exhibit significantly increased sen-

sitization to TAM, compared to control cells transfected

with shNC vectors. Similar results were also obtained in

BT-474/sh36 cells (Figure 5D). Therefore, the obtained data

from this study suggested that ER-α36 mediates the TAM

sensitization induced by berberine in breast cancer cells.

5. Discussion

TAM is the most widely used endocrine drug to treat

ER-positive breast tumors. However, the high rates of de

novo resistance and acquired resistance to TAM have often

limited its effectiveness. Therefore, novel TAM-sensitizing
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Figure 2. Downregulation of estrogen receptor (ER)-α36 expression in MCF7-TAMR and BT-474 cells by berberine; cells maintained in phenol red-free medium with 2.5%
charcoal-stripped fetal calf serum treated with vehicle dimethyl sulfoxide and the indicated concentrations of berberine for 24 hours; performing western blot analysis to
examine the expression of ER-α36 in MCF7-TAMR cells (A) and BT-474 cells (B). All membranes were stripped and reprobed with a β-actin antibody to ensure equal loading.
The columns and bars represent the means of three experiments and the standard error of the mean, respectively (*P < 0.05 vs. control cells treated with vehicle).

Figure 3. Suppression of epidermal growth factor receptor (EGFR)/human epidermal growth factor receptor 2 (HER2) expression in MCF7-TAMR and BT-474 cells by berberine;
MCF7-TAMR (A) and BT-474 (B) cells treated with 10 µM berberine for 48 hours. Cell lysates were subjected to western blot analysis with an antibody against EGFR or HER2. The
membrane was stripped and reprobed with a β-actin antibody to ensure equal loading. The columns and bars represent the means of three experiments and the standard
error of the mean, respectively (*P < 0.05 vs. control cells treated with vehicle dimethyl sulfoxide).
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Figure 4. Downregulation of dual kinase inhibitor lapatinib estrogen receptor (ER)-α36 expression and sensitization of TAM-resistant cells to TAM; (A) and (B) western blot
analysis of the expression of ER-a36, epidermal growth factor receptor (EGFR), and human epidermal growth factor receptor 2 (HER2) in MCF7-TAMR (A) and BT-474 (B) cells
treated with 5 µM lapatinib for 48 hours; (C) inhibitory effects of different doses of lapatinib on the viability of MCF7-TAMR and BT-474 cells; (D) and (E) MCF7-TAMR (D) and
BT-474 (E) cells treated with the indicated concentrations of TAM (2µM) with a vehicle or 5µM lapatinib for 7 days. The numbers of surviving cells were counted. The columns
and bars represent the means of three experiments and the standard error of the mean, respectively (*P < 0.05).

agents to enhance the efficacy of TAM are needed for cur-

rent ER-positive breast cancer therapy. The present study

focused on the TAM-sensitizing potential of berberine in

TAM-resistant breast cancer cells. This study demonstrated

that berberine potently sensitized MCF7-TAMR and BT-474

cells to TAM, presumably through the inhibition of ER-α36

expression and disruption of the regulatory loop between

ER-α36 and EGFR/HER2.

Berberine is a nitrogenous cyclic compound extracted

from the roots and stem bark of numerous plants belong-

ing to Berberis species, including barberry (Berberis vul-

garis) and golden thread (Coptis chinensis) (22). Berber-

ine, a monomer of traditional Chinese medicine, has long

been used to treat intestinal problems and inflammation

(23) and has increasingly been reported as a promising

anticancer agent in recent years (24). Berberine has also

been demonstrated to inhibit cell proliferation, induce

apoptosis, and restrain tumor invasion (25). The underly-

ing mechanisms are multifaceted and include its antioxi-

dant activity, apoptosis induction, interaction with nucleic

acids, and modulation of cancer-relevant signaling path-

ways. Interestingly, berberine has been shown to have syn-

ergistic effects with other anticancer drugs (25). Wang et

al. reported that the cotreatment of hepatic carcinoma

cell lines with vincristine and berberine significantly in-

hibited cell growth and induced apoptosis (26). Previous

studies also showed that berberine enhanced chemosen-

sitivity to chemotherapy drugs, such as 5-fluorouracil (27)

and irinotecan (CPT-11) (28), in cancer cells by downregu-

lating nuclear factor kappa-light-chain-enhancer of B cells

(NF-κB)-mediated activation of antiapoptotic genes.

A recent study showed the dose- and time-dependent

antiproliferative effects of berberine treatment on MCF7-

TAMR cells (16). The aforementioned study also demon-

strated that combined berberine and TAM treatment in-

hibited cell growth more effectively than TAM alone (16).

The present study reported that berberine treatment ef-

fectively inhibited the growth of MCF7-TAMR and BT-474

cell lines and that berberine can promote the growth-

suppressing effects of TAM in both cell lines. The cur-

rent study’s results verified that berberine could enhance

the antitumor effect of TAM in TAM-resistant breast cancer

cells, which means berberine sensitized breast cancer cells

to TAM.

The further investigation of the mechanism by which

berberine sensitized breast cancer cells to TAM revealed
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Figure 5. Sensitization of TAM-resistant cells to TAM treatment by estrogen receptor (ER)-α36 knockdown; A and B, ER-α36 expression levels measured in ER-α36 knockdown
MCF7-TAMR/sh36 (A) and BT-474/sh36 (B) cells using western blot assays; C and D, MCF7-TAMR/shNC, MCF7-TAMR/sh36, BT-474/shNC, and BT-474/sh36 cells treated with 2 µM
TAM together with a vehicle or 5 µM lapatinib for 7 days. The numbers of surviving cells were counted. The columns and bars represent the means of three experiments and
the standard error of the mean, respectively (*P < 0.05).

that berberine treatment downregulated ER-α36 expres-

sion in MCF7-TAMR and BT-474 cells. The ER-α36, a new iso-

form of ER-α, has been detected in approximately 40% of

ER-positive breast cancer cases (12). The promotor of ER-

α36, which contains AP-1 and NF-κB binding sites, is lo-

cated in the first intron of the ER-α66 gene (29). It has been

reported that berberine prohibits p65 expression and in-

hibits NF-κB levels in several types of tumors, including

breast cancer (30, 31). Berberine has been shown to down-

regulate EGFR expression (32, 33); however, EGFR-mediated

signaling can induce ER-α36 expression via the AP-1 bind-

ing site of its promotor (14). Therefore, it was speculated

that berberine might suppress ER-α36 expression through

the regulation of its transcription. Since ER-α36 has a

significant role in TAM resistance, this study investigated

the character of ER-α36 in berberine-induced TAM sensi-

tization. The present study analyzed two pairs of breast

cancer cell lines, MCF7-TAMR/sh36 and MCF7-TAMR/shNC

cells, in addition to BT-474/sh36 and BT-474/shNC cells. It

was shown that ER-α36 knockdown significantly decreases

TAM sensitivity induced by berberine in breast cancer

cells, indicating that ER-α36 plays a key role in berberine-

induced TAM sensitization.

It has been verified that the expression level of ER-α36

is highly correlated with HER2 expression level (12, 15), and

a study conducted on the underlying mechanism revealed

the positive regulating loop between them (15). In addi-

tion, ER-α36 has been demonstrated to regulate the HER2

protein level through the proteasome system (18). Zhang et

al. reported that EGFR signaling increases the promoter ac-

tivity of ER-α36 via an AP-1 binding site, and ER-α36 can also

stabilize EGFR protein (14). In the present study, EGFR and

HER2 expression were inhibited in berberine-treated cells,

which was consistent with the inhibition of ER-α36 expres-

sion. The current study also showed that EGFR, HER2, and

ER-α36 expression was suppressed by lapatinib treatment
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in both BT-474 and MCF7-TAMR cells. Therefore, the ob-

tained results further verified the presence of a regulatory

loop between ER-α36 and EGFR/HER2. The results of the

present study also showed that lapatinib could restore the

sensitivity of breast cancer cells to TAM, which is in good

agreement with the results of previous reports (34, 35).

In summary, berberine potently sensitizes the re-

sponse to TAM in TAM-resistant breast cancer cells, presum-

ably through suppressing the expression of ER-α36 and

disrupting the positive regulatory loop between ER-α36

and EGFR/HER2. The present study also provided evidence

to support the need for specific ER-α36 inhibitors in adju-

vant therapy for TAM-resistant breast cancer.
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