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Abstract

Consumption of citrus-fruits is associated with reduced incidence of breast cancer (BC), the most 

common cancer diagnosed in women across the globe. In this study, we investigated the anticancer 

potential of 2-Hydroxyflavanone (2HF) in BC. 2HF, a citrus-bioflavonoid, has demonstrated 

anticancer properties in various cancers, but its anticancer role in BC has not been well studied. 

We investigated the in vitro and in vivo growth inhibitory effects of 2HF in an array of BC 

lines and in xenograft mouse models of ER-positive and HER2-positive BC cells. Compared to 

control, 2HF treatment reduced cell viability and suppressed migratory and invasive potential of 

BC cells, while, no growth inhibitory effects were observed in non-tumorigenic breast epithelial 

cells. Further, 2HF inhibited the expression of RLIP76, a stress-defensive and anti-apoptotic 

protein, which is over-expressed in BC cells and simultaneously reduced proliferation of BC cells. 

Nude mice bearing MCF7 or SKBR3 BC cells xenografts treated with either 2HF or targeting 

RLIP76 by RLIP76- antisense or RLIP76-antibody treatment had significantly lower tumor-weight 

as compared to corresponding controls. In addition, Western-blotting and immunohistochemical 

analysis of tumor tissue from control and treatment group mice showed that 2HF decreased 

protein expression levels of RLIP76, and the decrease was similar to those seen following 

RLIP76-antisense treatment. Furthermore, 2HF decreased expression of Ki67, CD31, vimentin, 

inhibited phosphorylation of Akt and expression of survivin and Bcl2, and increased levels of Bax, 

E-cadherin, and cleaved-PARP. Therefore, our results indicate that 2HF may suppress BC growth 

in vitro and in vivo by targeting RLIP76, and may serve as a potential adjuvant treatment in BC 

patients.
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One Sentence Summary:

Our results support the use of 2HF as a promising diet-derived chemotherapeutic agent in breast 

cancer by targeting RLIP76, and the beneficial effects of 2HF on serum-lipid and glucose-profile, 

and efficacy of 2HF on ER+ and HER2+ breast tumor regression in vivo.
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1 ∣ INTRODUCTION

Breast cancer (BC), a major public health concern for women worldwide, accounts for 

more than 40,000 deaths each year in the United States alone despite the advent of 

targeted therapies.1,2 Estrogen receptor (ER) and human epidermal growth factor receptor 

2 (HER2) have been therapeutic targets for drug development in the treatment of BC.3 

ER-targeted agents such as tamoxifen4 and raloxifene,5 and HER2-targeted agents, including 

trastuzumab6,7 and lapatinib8 have shown substantial therapeutic benefits in BC. However, 

a majority of current treatment strategies are ineffective due to de novo or acquired 

resistance.9 In addition, unwanted side effects associated with the current treatment 

strategies warrant the need for new treatment modalities that have minimal effects on normal 

tissue but can target ER-positive as well as HER2-positive BC.

Plant-derived phytochemicals, due to their pleiotropic nature and low or no toxicity to 

healthy tissues, are being studied for their anticancer potential in various cancers. It is now 

well recognized that bioactive polyphenols present in edible plants can interfere with cancer 

initiation, promotion, and progression, acting as chemopreventive agents.10-13 Recently, 

naturally occurring compounds have grabbed increased attention for the prevention 

of early stage of carcinogenesis and neoplastic progression before the occurrence of 

invasive malignant diseases; therefore, many of these compounds have been regarded 

as chemoprevention agent. Flavanones, which are compounds that exist in citrus fruits 

and vegetables, are widely consumed by oral intake. Consistent with this view, several 

investigators have shown that consumption of 400 mg hesperidin, a flavanones glycoside, 

increases the human plasma concentration of hesperidin to 0.5 μM after 5 h.14 Out of 

eight flavanones including flavanone, 2-OH flavanone, 4-OH flavanone, 6-OH flavanone, 

7-OH flavanone, naringenin, nargin, and taxifolin used, results of the cell viability assay 

indicate that 2-OH flavanone showed the most potent cytotoxic effect toward various tumor 

cells.15 Moreover, the studies on proanthrocyanidins, which are flavanol polymers, indicated 

that the higher molecular weight form of flavanol causes poor absorption through the 

gut barrier.16 Therefore, we speculate that the absorption of 2′-hydroxyflavanone (2HF; 

C15H12O3; Mr 240) might be as high as that of hesperidin, or even higher. 2HF is one 

such naturally occurring phytochemical in citrus fruits which has demonstrated anticancer 

efficacy in in vitro and in vivo models of breast,17 bladder,18 colon,15 kidney,19 lung,20 and 

prostate21,22 cancers. These studies show that 2HF exerts anticancer effects by inhibiting 

cell cycle, inducing caspase-mediated apoptosis, inactivating aberrant activation of ERK 

and AKT/STAT3 signaling pathways, repressing androgen-responsiveness, and suppressing 
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angiogenesis by reducing vascular endothelial growth factor (VEGF) expression. Therefore, 

2HF modulates diverse cellular processes such as cell proliferation and apoptosis. However, 

its role in ER-positive and HER2-positive BC cells remains uninvestigated.

Growing evidence shows that targeting RLIP76, a non-ATP binding cassette (ABC) 

transporter, may be an effective strategy in cancer therapy as RLIP76 is often up-regulated 

in cancer tissues.23 Depletion of RLIP76 by antisense or short inhibitory ribonucleic acid 

(siRNA) or inhibition with anti-RLIP76 antibodies has been shown to induce apoptosis 

in in vitro and xenograft mouse models of colon,24 lung,24,25 melanoma,26 and prostate27 

cancers. A major cellular function of RLIP76 is to export chemotherapeutic agents out of 

cells and therefore, its high expression results in drug-resistance.28-31 These observations 

suggest that RLIP76 may be a potential molecular target in BC.

We have previously shown that 2HF inhibits the growth of BC cells in vitro, reduces the 

levels of RLIP76 and VEGF, and inhibits the progression of triple-negative MDA-MB231 

xenograft in nude mice.17 Based on bioinformatics analyses, recently we also identified 

that the 2HF directly docks to ligand binding sites of RLIP76 and ERα, and to ATP 

binding pocket of HER2. 2HF enhanced the inhibitory effect of RLIP76 depletion in 

BC. RNA-Seq analyses revealed that 2HF strongly reverses the global pattern of gene 

expression in ER+ MCF7, HER2+ SKBR3, and also triple-negative MDA-MB231 BC cells. 

In addition, 2HF regulated a number of critical genes of MammaPrint prognostic gene 

panel. 2HF strongly inhibited the ERα and HER2 networks in MCF7 and SKBR3 cells 

along with inhibiting IGF1 and macropinocytosis canonical pathways in MDA-MB231 

cells. Overall, the efficacy and mechanistic spectrum of the effects of 2HF on ERα, 

HER2, and MammaPrint prognostic gene networks in different molecular backgrounds of 

BC collectively provide strong rationale for translational development of 2HF in BC.32 

Therefore, in the present study, we investigated the in vitro and in vivo anticancer efficacy 

of 2HF in MCF7 (ER-positive) and SKRB3 (HER2-positive) BC cells. This study focused 

on the ability of 2HF to inhibit the growth of BC cells, and determined that its antitumor 

properties could be via its ability to inhibit RLIP76 and its associated downstream signaling 

pathways.

2 ∣ MATERIALS AND METHODS

2.1 ∣ Materials

Purified 2HF (~99% pure) and 3-(4, 5-Dimethylthiazol-2-yl)-2, 5-Diphenyltetrazolium 

Bromide (MTT) were purchased from Sigma–Aldrich (St. Louis, MO). Antibodies for 

CD31, Ki67, cyclin B1, CDK4, Bcl2, survivin, Bax, pAkt (S473), cleaved poly-ADP 

ribose polymerase (PARP), vimentin, and E-cadherin were purchased from Cell Signaling 

Technologies (Danvers, MA). Antibody for RLIP76 was purchased from Santa Cruz 

Biotechnology (Columbus, OH). Anti-rabbit and anti-mouse HRP-conjugated secondary 

antibodies were purchased from Cell Signaling Technologies. TUNEL fluorescence and 

CellTiter-Glo were procured from Promega (Madison, WI). Matrigel was purchased from 

Corning Life Sciences (Tewksbury, MA). Avidin/biotin complex (ABC) detection kit was 

procured from Vector (Burlingame, CA). The universal Mycoplasma detection kit was 

procured from ATCC (Manassas, VA). AlamarBlue was purchased from Thermo Fisher 
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Scientific, Rockford, IL. Cell invasion assay kit was purchased from Cell Biolabs, Inc (San 

Diego, CA). RLIP76 shRNA and GFP-RLIP76 plasmid DNAs along with their respective 

controls were a kind gift from Dr Lawerence E. Goldfiner (Temple University, Philadelphia, 

PA).

2.2 ∣ Cell culture and drug treatment

The human BC cell lines (MCF7, SKBR3, MDA-MB231, and T47D) and non-tumorigenic 

breast epithelial cells (MCF10a) were purchased from ATCC. Human breast TMD231 cells 

were obtained from Prof Harikrishna Nakshatri, Indiana University, IN. Cells were cultured 

in DMEM medium (Sigma–Aldrich), supplemented with 10% (v/v) fetal bovine serum 

(FBS; Atlanta Biologicals; Flowery Branch, GA). The cell lines were incubated at 37°C 

in a humidified atmosphere of 95% air and 5% carbon dioxide. The authentication of cell 

lines was done by analyzing fifteen different human short tandem repeat (STR) at Integrative 

Genomic Core of City of Hope, Duarte, CA. All the cells were also tested for Mycoplasma 

once every 3 months.

2HF was dissolved in 100% dimethylsulfoxide (DMSO; Corning Cellgro; Manassas, VA) at 

a stock concentration of 100 mM. The stock solution was later diluted in PBS (pH 7.2) to 

result in working solution of 2HF (0–100 μM). The vehicle control was 0.2% DMSO.

2.3 ∣ RLIP76 antisense preparation

Chemically synthesized phosphorothioate DNA in desalted form was purchased from 

Biosynthesis, Inc., (Lewisville, TX). A 21-nucleotide-long scrambled phosphorothioate 

DNA was used as a control.26

2.4 ∣ MTT cell viability assay

BC cells (MCF7, SKBR3, MDA-MB231, T47D, and TMD231) and non-tumorigenic breast 

epithelial cells (MCF10a) were seeded in 96-well plates (3,000 cells/well), and 24 h later 

were treated with different concentrations of 2HF (0–100 μM), anti-RLIP76 IgG (40 μg/

mL), or RLIP76-antisense (20 μg/mL) for 48 h. Next, 10 μL MTT (5 mg/mL) was added to 

each well, and the plates were incubated for 4 h at 37°C. Later, the medium was removed 

and the cells were washed with PBS. The resulting formazan crystals were dissolved in 100 

μL of DMSO, and the absorbance reading of each well was taken at 570 nm using a plate 

reader (Microplate XMark™ spectrophotometer; Bio-Rad; Hercules, CA). The percentage 

of cell survival was calculated using the background-corrected absorbance as shown in the 

following formula:

Cell survival( % ) = (AbsorbanceTreatment ∕ AbsorbanceControl) × 100

The data shown represent the mean and standard deviation from eight replicate wells for 

each treatment for three independent experiments.

The effect of RLIP76 inhibition by RLIP76 antibodies and depletion by RLIP76 antisense 

on viability of BC cells (MCF7, SKBR3, MDA-MB231, T47D, and TMD231) and breast 

epithelial cells (MCF10a) was also studied by MTT assay. Cells seeded in 96-well 
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plates (5,000 cells/well) were treated either with RLIP76 IgG (40 μg/mL) or transfected 

with RLIP76 antisense (20 μg/mL) using Maxfect Transfection Reagent (Molecula, Inc., 

Montreal, Canada), according to the manufacturer's protocol for 48 h. The data shown 

represent the mean and standard deviation from eight replicate wells for each treatment for 

three independent experiments.

2.5 ∣ AlamarBlue® cell viability assay

MCF7 and SKBR3 cells (5 × 103) were seeded into individual wells of a 96-well plate. 

Twenty-four hour later alamarBlue® was added at a final concentration of 10% and the 

plate was incubated at 37°C for 4 h to get a baseline (day 0) reading. Absorbance was 

measured at 570 and 600 nm on a plate reader. After this, the cells were washed with PBS, 

fresh medium supplemented with 10% FBS was added, and cells were treated with 2HF (50 

μM), RLIP76 shRNA (8 μg/mL), RLIP76-GFP (8 μg/mL) or their combination. Every 24 h, 

10% alamarBlue® was added, and absorbency readings were taken after 4 h. Cell viability 

was determined as percentage reduction in alamarBlue® over time for each treatment was 

calculated using the following formula:

% reduction in alamarBlue = 117, 216(A1) − 80, 586(A2)
155, 677(B1) − 14, 652(B2) × 100

In the formula, 117,216 and 80,586 are constants representing the molar extinction 

coefficients of alamarBlue® at 570 and 600 nm, respectively, in the oxidized form; 

whereas 155,677 and 14,652 are constants representing the molar extinction coefficients 

of alamarBlue® at 570 and 600 nm, respectively, in the reduced form. A1 and A2 represent 

absorbance of wells treated with 2HF at 570 and 600 nm, respectively. B1 and B2 represent 

absorbance of untreated wells at 570 and 600 nm, respectively. A reduction in alamarBlue® 

absorbance reflects a decrease in cell viability. The data represent the % cell viability 

relative to control ± standard deviation in eight replication wells per treatment for three 

independent experiments.

2.6 ∣ Cell migration assay

The ability of 2HF to inhibit migration of MCF7 and SKBR3 cells was investigated using a 

wound healing assay. A total of 2 × 104 cells were seeded into 6-well dishes and grown to 

~90% confluency. A sterilized 10 μL pipette tip was used to generate a wound across the cell 

monolayer. The cellular debris was washed with PBS, serum-free RPMI-1640 medium was 

added to each well, and the cells were treated with either vehicle or 2HF (25 μM). The open 

gap was photographed microscopically immediately and after 6, 12, and 24 h. The migration 

ability of the cells was determined by measuring the width of the monolayer wound for three 

fields at 0, 6, 12, and 24 h after scraping. The data shown represent the mean and standard 

deviation of three independent experiments.

2.7 ∣ Cell invasion assay

The in vitro anti-migratory effects of 2HF on BC cells was studied using Transwell Boyden 

chamber containing inserts with a polycarbonate membrane (8 μm pore size). Briefly, MCF7 

and SKBR3 cells (0.5 × 106 cells/well), suspended in serum-free medium, were added to 

Singhal et al. Page 5

Mol Carcinog. Author manuscript; available in PMC 2022 February 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the upper chamber of the 24-well transwell plates and treated with either vehicle or 2HF 

(25 μM) for 24 h. DMEM-medium supplemented with 10% FBS was added to the lower 

chamber. The plates were incubated in a humidified atmosphere with 95% air and 5% CO2 

at 37°C. After indicated time points, the non-migratory cells present on the inside of the 

insert were removed by wiping with a cotton swab dipped in PBS, and migratory cells 

attached to the underside of the insert were fixed with 4% paraformaldehyde for 15 min, 

permeabilized with 0.2% Triton X–100 in PBS, and stained with 0.2% crystal violet for 10 

min at room temperature. The migratory cells, from five random fields of the insert, were 

photographed under a light microscope (200x). Later, the stained inserts were washed gently 

with water, transfer insert to an empty well, and extracted using 200 μL of extraction buffer, 

then incubating 10 min on an orbital shaker. The number of invaded cells per membrane was 

determined by taking absorbance readings at 560 nm in a plate reader. The absorbance value 

was used to quantify the percentage of invasive cells in 2HF treated cells with respect to 

vehicle treated cells.

2.8 ∣ Detection of RLIP76 protein expression in normal and breast cancer cell lines

BC cell lines (MCF7, SKBR3, MDA-MB231, T47D, and TMD231) and normal breast 

epithelial cells (MCF10a) were collected by trypsinization, washed with PBS, and then lysed 

using SDS lysis buffer (Cell Signaling Technologies), containing protease and phosphatase 

inhibitors (Roche; Indianapolis, IN). The cell pellets were briefly sonicated to dissociate 

cell membranes. Hundred micrograms of total protein isolated from these cells were 

electrophoresed on 12.5% SDS-polyacrylamide gel at 200 V for 1 h. Proteins were then 

transferred to nitrocellulose membranes at 100 V for 70 min at 4°C. The blot was then 

probed with RLIP76 (1:1,000) primary antibody overnight at 4°C. The next day, the blot was 

rinsed with 1X TBS-tween (0.1%) and probed with anti-mouse HRP-conjugated secondary 

antibodies (1:5,000) for 1 h at room temperature. The Western blot was analyzed using 

SuperSignal West Pico Chemiluminescent Substrate (Thermo Fisher Scientific) and the 

image was captured using multiImage Light Cabinet (Alpha Innotech; San Leandro, CA). 

RLIP76 protein expression levels were normalized to β-actin expression levels. Western 

blotting was performed in triplicate and the image shown represents one typical replicate.

2.9 ∣ Western blotting analysis

MCF7, SKBR3, MDA-MB231, T47D, and TMD231 cell lines were treated with vehicle 

control, 2HF (25 μM), and RLIP76 antisense (20 μg/mL b.w.) for 24 h. Isolated proteins 

were electrophoresed on a 12.5% SDS-polyacrylamide gel, transferred to nitrocellulose 

membrane, and the blot was probed with anti-RLIP76 IgG. Bands were visualized using 

SuperSignal West Pico Chemiluminescent Substrate. β-actin was used as a loading control. 

Western blotting was performed in triplicate and the image shown represents one typical 

replicate.

2.10 ∣ Transfection

For RLIP76 knockdown, pSUPER retro puro shRLIP Plasmid DNA was pre-diluted in Opti-

MEM® I Reduced Serum Medium (8 μg/mL) (Sigma-Aldrich, St. Louis, MO). Similarly 

for RLIP76 over-expression pEGFP-C3/GFP-RLIP76 plasmid DNA was pre-diluted in Opti-

MEM® I Reduced Serum Medium (8 μg/mL). At the same time, 4 μL of Lipofectamine® 
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LTX (Invitrogen, Carlsbad, CA) was pre-diluted with 250 μL of Opti-MEM® I Reduced 

Serum Medium for RLIP76 knockdown and RLIP76 over-expression separately. After 5 min 

of incubation, the transfection complex was formed by pipetting pre-diluted plasmid DNA 

into pre-diluted Lipofectamine® LTX transfection mixture, followed by incubation at room 

temperature for 30 min. Reverse transcription was performed by pipetting 1.5 mL of cell 

suspension in a 6-well plate followed by addition of 500 μL of transfection complex. After 

24 h, the media was removed, cells were washed with PBS, and fresh medium was added 

followed by treatment with 2HF (25–50 μM) for 24 h. After 24 h, the cells were harvested 

for Western blotting.

2.11 ∣ MCF7 and SKBR3 xenograft mouse models of breast cancer

Eight-week-old female athymic nude mice (nu/nu) (n = 60; 30 for each cell line) were 

purchased from Charles River Laboratories (Wilmington, MA). The mice were maintained 

in sterile conditions, following a protocol approved by City of Hope's Institutional Animal 

Care and Use Committee. The mice were allowed to acclimate to laboratory conditions for 

1 week. All 60 mice were injected subcutaneously (s.c.) on right flank of above the hind 

limb with MCF7 (30 mice) or SKBR3 (30 mice) (2 × 106) cell suspensions in 100 μL of 

PBS. To generate tumors in MCF7 xenograft mouse model, a pellet containing 0.72 mg of 

17β-estradiol (90 day release, Innovative Research of America, Sarasota, FL) was implanted 

s.c. into the shoulder area of mice 5 days prior to tumor cell injection. For SKBR3 xenograft 

model, SKBR3 cells were suspended in PBS and mixed in a 1:1 ratio with Matrigel. 

Approximately 3 weeks later when surface tumor was visible (initial tumor cross-sectional 

area before the treatment start: in MCF7 xenograft; 45 ± 4.3 mm2, and in SKBR3 xenograft; 

42 ± 5.6 mm2), the mice were randomized into six groups as follows: (i) vehicle control 

(corn oil); (ii) pre-immune serum (5 mg/kg b.w.); (iii) scrambled antisense (5 mg/kg b.w.); 

(iv) RLIP76 antibody (5 mg/kg b.w.); (v) RLIP76 antisense (5 mg/kg b.w.); and (vi) 2HF (25 

mg/kg b.w.). RLIP76 IgG and RLIP76 antisense diluted in PBS were given to mice via i.p. 
injection once a week for 8 weeks, while 2HF in corn oil was given to mice by oral gavage 

every alternate day for 8 weeks. Control groups were treated with100 μL of pre-immune 

serum, scrambled antisense, or corn oil. Tumors were measured in two dimensions using 

calipers. At the end of the study, the mice were euthanized by CO2 asphyxiation followed 

by cervical dislocation. The primary breast tumors were excised and measured for tumor 

weight. The tumor weights were compared between groups using an unpaired Student's 

t-test. Tumors were fixed in 10% buffered formaldehyde solution and paraffin-embedded for 

immuno-staining or were snap-frozen in liquid nitrogen for further molecular analysis such 

as Western blotting.

2.12 ∣ Immunohistochemistry

Tumor tissues from control, 2HF-treated, scrambled-antisense, and RLIP76-antisense mice 

were collected, fixed in buffered formalin for 24 h, embedded in paraffin, and 5-μm 

thick sections on poly-L-lysine–coated slides were prepared. Tissue sections were stained 

with hematoxylin and eosin staining (H&E), and RLIP76, Ki67, CD31, E-cadherin, 

and vimentin using Universal ABC detection kit (Vector). Immuno-reactivity is evident 

as a dark brown stain, whereas non-reactive areas are indicative of the background 
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staining. Photomicrographs were acquired using Olympus DP 72 microscope with 40× 

magnifications.

2.13 ∣ Statistical analysis

Data are presented as means ± standard deviation for at least 3 independent experiments. 

Changes in tumor size and body weight during the course of the experiments were visualized 

by scatter plot. The statistical significance of difference between the control and treatment 

groups was determined by paired t-test or two-way ANOVA. P ≤ 0.05 were considered 

statistically significant.

3 ∣ RESULTS

3.1 ∣ 2HF suppresses in vitro growth of breast cancer cells

To investigate the anti-proliferative effects of 2HF on BC cells (MCF7, SKBR3, MDA-

MB231, T47D, and TMD231), we conducted MTT assay. Cells were treated with 2HF 

(0–100 μM) for 48 h. A significant concentration-dependent decrease in the viability 

was observed in 2HF-treated cells, while, no growth-inhibitory effects were seen in non-

tumorigenic breast epithelial cells (MCF10a) (Figure 1A). 2HF at a concentration ≥10 μM 

significantly inhibited the growth of all BC cell lines after 48 h. The IC50 of 2HF for each 

cell line is given in Figure 1D.

3.2 ∣ RLIP76 inhibition or depletion reduces viability of breast cancer cells

The cytotoxic effects of RLIP76 inhibition via RLIP76 antibody or its depletion via RLIP76 

antisense on the growth of BC cells was also investigated by MTT assay. Cells were treated 

with pre-immune IgG, scrambled antisense (scr antisense), RLIP76 IgG (40 μg/mL), or 

RLIP76 antisense (20 μg/mL) for 48 h. Compared to respective controls, significant growth 

inhibitory effects were observed in BC cells treated with RLIP76 IgG (Figure 1B) and 

RLIP76 antisense (Figure 1C). On the other hand, no significant growth inhibitory effects 

were observed in MCF10a breast epithelial cells upon RLIP inhibition or depletion. Figure 

1D shows the percent cell survival upon RLIP76 IgG and RLIP76 antisense treatment for 

each cell line.

3.3 ∣ 2HF exerts in vitro anti-migratory and anti-invasive effects on breast cancer cells

To test whether 2HF inhibits migration, a scratch wound healing assay was performed. 

MCF7 and SKBR3 cells were either treated with vehicle control or 2HF (25 μM). Wound 

healing assay at 6, 12, and 24 h showed that 2HF treatment inhibits the migratory capacity 

of MCF7 and SKBR3 BC cells (Figure 2A). In addition, the effect of 2HF treatment (25 

μM) on BC cell invasion after 24 h was also studied using Matrigel® invasion chambers. As 

shown in Figure 2B, the number of invading cells as represented by crystal-violet stain was 

significantly reduced in both MCF7 and SKBR3 BC cells treated with 2HF as compared to 

untreated control. These results suggest that 2HF inhibits the in vitro invasive potential of 

BC cells (Figure 2B).
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3.4 ∣ Expression levels of RLIP76 in breast cancer cells

Increased RLIP76 protein levels have been reported in various cancer cell lines and tissues 

as compared to their normal counterparts.23,26 Therefore, we investigated the expression 

levels of RLIP76 protein in non-tumorigenic breast epithelial cells (MCF10a) and BC 

cells (MCF7, SKBR3, MDA-MB231, T47D, and TMD231). As expected, all BC cells 

exhibited high protein expression levels of RLIP76 as compared to MCF10a (Figure 3A). 

This suggests that RLIP76 may be an attractive target for inhibiting BC cell growth.

In addition, treatment of BC cells (MCF7, SKBR3, MDA-MB231, T47D, and TMD231) 

with 2HF (25 μM; 24 h) decreased RLIP76 protein expression levels comparable to those 

seen by RLIP76 antisense treatment. This suggests that 2HF works equally well in reducing 

RLIP76 protein expression levels as RLIP76 antisense (Figure 3B).

3.5 ∣ The anti-proliferative effects of 2HF are mediated by RLIP76

Numerous studies have reported the association between decreased expression of RLIP76 

and reduced cell survival in various human neoplasms both in vitro and in vivo (23–

28, 32–35). To verify the role of RLIP76 in mediating the anti-growth effects of 2HF, 

the expression of RLIP76 was regulated in both MCF7 and SKBR3 cells using shRNA 

(RLIP76 shRNA) and over-expression (RLIP76-GFP) plasmid DNAs. As seen in Figure 4A, 

expression levels of RLIP76 were suppressed by shRNA, while, its levels were markedly 

increased in the presence of RLIP76 over-expression plasmid DNA. Next, we knocked 

down and over-expressed RLIP76 in MCF7 and SKBR3 BC cell lines in presence or 

absence of 2HF treatment. As expected, 2HF in combination with shRNA reduced protein 

levels of RLIP76. Also, 2HF suppressed the increased protein levels of RLIP76 induced 

by over-expression plasmid DNA. We next evaluated the effects of 2HF, in combination 

with RLIP76 knock-down and over-expression, on the growth of MCF7 and SKBR3 BC 

cell lines. As compared to control, 2HF treatment alone reduced BC cell viability in a 

concentration and time-dependent fashion. Further, RLIP76 knockdown impaired the growth 

of BC cells in a time-dependent manner, while, RLIP76 over-expression led to a significant 

increase in cell growth 24 h after transfection (Figure 4B). It was interesting to note that 

2HF treatment led to a remarkable decrease in proliferation of BC cells over-expressing 

RLIP76 (Figure 4B).

3.6 ∣ Effects of 2HF and RLIP76-antisense on serum and blood chemistry parameters

Knockout or inhibition of RLIP76 by antisense and/or antibody is known to inhibit the 

progression of multiple cancers,24-27,33-36 decrease insulin resistance and minimize the 

risk for metabolic syndrome, obesity and type II diabetes mellitus.37-39 In this regard, we 

further assessed the effects of 2HF in vivo following oral administration to C57B mice 

to investigate the tolerance and characteristic serum and blood chemistry parameters in 

comparison to RLIP76 depletion by antisense. The mice were administered either corn 

oil (0.1 mL), 2HF (2.5 mg 2HF/25 g mice/0.1 mL corn oil [100 mg/kg b.w.] by oral 

gavage), scrambled antisense or RLIP76 antisense (5 mg/kg. b.w. i.p.). The blood and serum 

were subjected for analyses of blood cell, lipid, and enzyme chemistry. We observed that 

RLIP76 antisense treated mice had strong decrease in serum cholesterol (66 ± 6 mg/dL in 

RLIP76 antisense treated vs 89 ± 5 mg/dL in scrambled antisense controls), triglycerides 

Singhal et al. Page 9

Mol Carcinog. Author manuscript; available in PMC 2022 February 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(78 ± 8 mg/dL in RLIP76 antisense treated vs. 109 ± 12 mg/dL in scrambled antisense 

controls), and blood glucose levels (119 ± 14 mg/dL in RLIP76 antisense treated vs 165 

± 17 mg/dL in scrambled antisense controls) (Supplementary Table SI). 2HF was tolerable 

and no significant toxic effects were observed on blood cell parameters including total RBC, 

WBC, platelet, hemoglobin, and hematocrit values as compared to RLIP76 antisense treated 

groups and controls. 2HF showed a significant decrease in the levels of serum cholesterol 

(80 ± 4 mg/dL in 2HF treated vs 96 ± 6 mg/ dL in corn oil controls) and triglycerides (79 

± 7 mg/dL in 2HF treated vs 91 ± 12 mg/dL in corn oil controls) with a more pronounced 

decrease in the levels of serum glucose (158 ± 12 mg/dL in 2HF treated vs 197 ± 18 mg/dL 

in corn oil controls) thereby indicating additional mechanistic benefits for controlling BC 

incidence and for containing the rapid glucose-driven progression of breast tumors in vivo 

(Supplementary Table SI).

3.7 ∣ 2HF inhibits growth of tumors in xenograft mouse models of breast cancer

The promising in vitro growth inhibitory effects of 2HF led us to evaluate its therapeutic 

efficiency in xenograft models of BC. The anticancer effects of RLIP76 inhibition/depletion 

via RLIP76 IgG, RLIP76 antisense and 2HF were examined. Tumor-bearing animals with 

established s.c. implanted tumors were treated with RLIP76 IgG or RLIP76 antisense by i.p. 
injection or 2HF by oral gavage. The average weight gain of mice among the six groups 

was similar, demonstrating that all treatment were safe and produced no toxicity (Figures 

5A and 5D). The remarkable contrast in the outcome of tumor growth in animals treated 

with RLIP76 IgG, RLIP76 antisense, and 2HF versus preimmune serum or scrambled-

antisense was clearly evident (Figures 5B and 5E). The effectiveness of the RLIP76 

depletion or inhibition in reducing tumor growth was comparable to 2HF treatment alone 

(Supplementary Figures S1and S2). As compared to control, RLIP76 inhibition or depletion 

caused a significant reduction in tumor weight. The average final weight of tumors at the 

end of study, on day 60, in treated animals was significantly lower compared to controls in 

both ER+ MCF7 and HER2+ SKBR3 xenograft models (Figure 5C—MCF7 breast tumor 

xenograft model: pre-immune serum– 1.78 g, scrambled antisense– 1.63 g, corn oil– 1.82 

g; vs treated: RLIP76 antibody– 0.68 g, RLIP76 antisense– 0.62 g, 2HF– 0.51 g; Figure 5F

—SKBR3 breast tumor xenograft model: pre-immune serum– 1.95 g, scrambled antisense– 

2.05 g, corn oil– 1.88 g; vs treated: RLIP76 antibody– 0.77 g, RLIP76 antisense– 0.71 g, 

2HF– 0.58 g). A much greater reduction in tumor weight was observed in 2HF treatment 

alone (Figures 5C and 5F). No macroscopic evidence of metastasis to other organs was 

evident for any experimental groups. Together, these results confirm the antitumor effects of 

2HF in xenograft mouse models of BCs.

3.8 ∣ Protein levels in tumor tissue following 2HF and RLIP76 antisense treatment

Tumor tissue lysates from control, 2HF treated and RLIP76-antisense treatment group mice 

were assessed for proliferation, apoptosis and cell cycle markers by Western blot and 

immunohistochemistry. The Western blot analysis showed that individual 2HF and RLIP76 

antisense treatment decreased protein expression levels of RLIP76 (Figure 6A), inhibited 

phosphorylation (activation) of Akt and expression of survivin and Bcl2, increased levels 

of Bax, cleaved PARP, and E-cadherin, and decreased levels of CDK4, cyclin B1, and 

vimentin (Figure 6B) as compared to control group. The immunohistochemical analysis of 
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2HF and RLIP-antisense treated breast tumors sections showed decreased levels of RLIP76, 

proliferation markers Ki67, angiogenesis marker CD31, and increased levels of epithelial 

differentiation marker E-cadherin and decreased levels of mesenchymal marker vimentin 

(Figure 7). Taken together, our results indicate that 2HF displays strong anticancer effects in 

BC.

4 ∣ DISCUSSION

Although the 5-year survival rate of BC is 90%, this disease remains the second most 

common cause of cancer-related death, surpassed only by lung cancer in the United States. 

BC patients with ER-positive or HER2-positve disease have poor prognosis because of a 

high incidence of recurrence, metastasis, and resistance to current treatment modalities.40 

Therefore, there is a need to identify therapeutic agents to combat the disease. In this 

study, we investigated the ability of 2HF, natural bioactive product present in citrus fruits, 

in inhibiting BC growth in vitro and in vivo. We found that compared to control, 2HF 

alone inhibited BC cell proliferation in vitro and reduced tumor growth and weight in 

vivo. In addition, 2HF suppressed in vitro and in vivo levels of RLIP76 proteins, aberrant 

expression of which has been reported in various cancer types.17,23,26,32-36 The striking 

finding was that RLIP76 could be a biologically relevant target of 2HF in BC cells as 

over-expression of RLIP76 caused a sustained decrease in the efficacy of 2HF across all time 

points tested (GFP-RLIP76 + 2HF as compared to 2HF, Figure 4B). We further showed that 

2HF treatment reduced BC cell migration and invasion in a wound healing and transwell 

cell invasion assay, respectively (Figure 2). We propose that 2HF suppresses BC growth 

by targeting RLIP76, over-expression of which is an unfavorable prognostic factor in BC 

patients.

RLIP76 (a 76 kDa ral-binding protein, RALBP1 or RLIP76) is a multi-functional rac 

and ral effector that also functions as a major and multi-specific glutathione electrophile-

conjugate (GS-E) transporter of mercapturic acid pathway (MAP).29-31 It also transports 

chemotherapeutic drugs across the plasma membrane and therefore, plays an important 

role in radiation and chemotherapy resistance through its activity as a multi-specific ATP-

dependent transporter.36,41 The rationale for selecting RLIP76 as one of the targets of 

2HF stems from the following observations. First, RLIP76 is a selectively over-expressed 

in cancer cells.23,26,32-36 Second, blocking of RLIP76 with antibodies or depleting with 

antisense increases sensitivity to chemotherapy and results in significant tumor reduction in 

colon, prostate, and lung carcinomas24,27 and B16 melanomas26 in mice. Third, disruption 

of RLIP76 gene in C57B mice confers sensitivity to radiation in a stepwise fashion with 

RLIP76+/+ being radiation resistant, RLIP76+/− showing medium sensitivity, and RLIP76−/− 

being extremely sensitive.41-43 Lastly, we have previously shown that 2HF reduces levels of 

RLIP76 in vitro and in nude mice inhibits the progression of triple-negative MDA-MB231 

xenografts by targeting RLIP76.17 However, the role of RLIP76 has not been studied in the 

context of ER+ve and HER2+ve BCs.

Our findings also showed that 2HF exerts anti-proliferative effects in BC cell lines with 

diverse genetic background. In addition, 2HF suppressed in vitro growth of BC cells 

over-expressing RLIP76 and slightly enhanced the growth inhibitory effects of RLIP76 
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knockdown by transient transfection with a targeting shRNA in BC lines. Furthermore, 

2HF treatment led to a greater reduction in tumor weight in MCF7 and SKBR3 xenograft 

mouse models of BC as compared to RLIP76 depletion or inhibition alone by RLIP76 

antisense or RLIP76 antibody, respectively. In addition, tumors from 2HF treated mice 

exhibited reduced protein levels of RLIP76, suggesting that 2HF may exert its anticancer 

effects by targeting RLIP76. RLIP76 has been shown to regulate PI3 K/Akt signaling 

pathway, aberrant activation of which plays a role in increased cell proliferation.44 In 

our study, decreased levels of RLIP76 in response to 2HF treatment were also associated 

with decreased phosphorylation (activation) of Akt followed by reduced protein expression 

levels of cell-cycle associated proteins such as cyclin B1 and CDK4, decreased levels of 

anti-apoptotic proteins Bcl2 and survivin, and increased expression of pro-apoptotic proteins 

Bax and cleaved PARP levels in tumor tissue. In addition, we found that tumor tissue from 

2HF treated mice had increased protein expression levels of E-cadherin, a protein known 

to have tumor-suppressive and invasion-suppressive role.45 Also, 2HF-mediated suppression 

of xenograft growth was accompanied by inhibition of neovascularization as evidenced 

by a decrease in CD31, a marker of angiogenesis. RLIP76 has been shown to plays an 

important role in induction of angiogenesis by tumor cell transactivation of endothelial cells 

via control of VEGF expression and secretion.46 Therefore, in our study, 2HF mediated 

reduced expression of RLIP76 in tumor tissues may be responsible for decreased expression 

of CD31 and increased expression of E-cadherin.

In summary, our results support the use of 2HF as a promising diet-derived 

chemotherapeutic agent in BC by targeting RLIP76. It is well established that RLIP76 is 

constitutively expressed in various neoplastic cells where it acts as a survival factor and 

offers cytoprotection to developing tumors. Numerous preclinical studies have reported that 

selective inhibition of RLIP76 leads to reduced tumor growth and increased response to 

chemotherapy. Therefore, given the RLIP76 targeting ability of 2HF as determined by our 

in vitro and in vivo studies, further evaluation of 2HF alone and/or in combination with 

RLIP76 antisense or RLIP76 IgG is needed to delineate the molecular mechanism behind 

the observed anticancer potential of 2HF in BC and to establish its potential for use in 

clinical settings.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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2HF 2'-hydroxyflavanone

ABC non-ATP binding cassette
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AKT protein kinase B (PKB)

BC breast cancer

CDK cyclin dependent kinases

ER estrogen receptor

EGFR epidermal growth factor receptor

ERK extracellular signal-regulated kinase

GS-E glutathione electrophile-conjugate

H&E hematoxylin and eosin staining

HER2 human epidermal growth factor receptor 2

MAP mercapturic acid pathway

MTT 3-(4, 5-Dimethylthiazol-2-yl)-2, 5-Diphenyltetrazolium Bromide

PARP poly-ADP ribose polymerase

RLIP76 76 kDa ral-binding protein, RALBP1

VEGF vascular endothelial growth factor
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FIGURE 1. 
Effects of 2HF, RLIP76 antibody, and RLIP76 antisense on cell viability. Breast cell lines 

were treated with 2HF (0–100 μM) for 48 h. Cell viability was determined by MTT assay 

(A). Comparison of cytotoxicity effects of anti-RLIP76 antibodies and RLIP76 antisense 

between malignant and nonmalignant breast cells (B and C). Effect of preimmune IgG 

and anti-RLIP76 IgG (40 μg/mL final concentration) on cell survival was determined by 

MTT assay 48 h after treatment (B). MTT assay was also done 48 h after treatment 

with scrambled (scr) or RLIP76 antisense (20 μg/mL final concentration), using Maxfect 

transfection reagent (C). Table represents IC50 value (μM) of 2HF, and percent cell survival 

after RLIP76 antibodies and RLIP76 antisense treatment (D). The values are presented as 

mean ± SD from three separate determinations with eight replicates each (n = 24). ND: Not 

detected
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FIGURE 2. 
Effects of 2HF on the migration and invasion of breast cancer cell lines. (A) MCF7 and 

SKBR3 BC cells were grown to 90% confluency in cell culture dishes. A scratch/wound 

was made in each dish. The cells were then treated with either vehicle or 2HF (25 μM). 

Images were taken at each time point for the respective control and treatment groups. The 

distance across the wound was measured for three replicate experiments and quantified 

as the wound width. (B) MCF7 and SKBR3 breast cancer cells were placed in the upper 

chamber of the transwell inserts (8 μm pore size) in serum-free medium, and then treated 

with either vehicle or 2HF (25 μM) for 24 h. The number of invaded cells were fixed 

with 4% paraformaldehyde and stained with 0.2% crystal violet. Invasive cells were then 

photographed under a light microscope at 200x. Quantification of invaded cells in 2HF 

treated cells is shown after normalizing to the percentage of invaded cells in control. 

Significantly different (*P < 0.01) compared with respective Controls by Student's t-test
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FIGURE 3. 
RLIP76 levels in normal breast cells versus breast cancer cells and effect of 2HF and 

RLIP76 antisense on protein expression levels of RLIP76. A, 100 μg of protein from 

normal (MCF10a) and malignant (MCF7, SKBR3, MDAMB231, T47D, and TMD231) cells 

were loaded on the gel and blots were probed with anti-RLIP76 IgG. β-actin was used 

as a loading control. The experiment was performed three times and the image show one 

representative experiment. B, Breast cancer cells were treated with vehicle control (C) and 

25 μM 2HF (T) for 24 h for Western blot analyses. Western blots was also done 24 h 

after treatment with scrambled (C) or RLIP76 antisense (T; 20 μg/mL final concentration), 

using Maxfect transfection reagent. Fifty microgram of protein were loaded on the gel, and 

blots were probed with anti-RLIP76 IgG. β-actin was used as a loading control. Numbers 

below the blots represent the fold change in the levels of proteins as compared to Control 

as determined by densitometry. The experiment was performed three times and the image 

shown is representative of one experiment. Bar represent densitometry analysis
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FIGURE 4. 
Effects of 2HF, RLIP76 shRNA, RLIP76-GFP over-expression, and their combination on 

RLIP76 levels and cell viability. A, Confirmation of RLIP76 protein expression knockdown 

and over-expression after RLIP76 shRNA and RLIP76-GFP transfection in the presence or 

absence of 2HF by Western blot analyses. β-actin was used as a loading control. Numbers 

below the blots represent the fold change in the levels of proteins as compared to control as 

determined by densitometry. The experiment was performed three times and the image show 

one representative experiment. lane 1: control; lane 2: 50 μM 2HF; lane 3: 8 μg/mL control 

shRNA; lane 4: 8 μg/mL RLIP76 shRNA; lane 5: 2HF + RLIP76 shRNA; lane 6: 8 μg/mL 

control vector; lane 7: 8 μg/mL RLIP76-GFP over-expression; and lane 8: RLIP76-GFP 

over-expression + 2HF. B, Inhibition of cell proliferation in response to 2HF treatment 

alone or in combination with RLIP76 knockdown or over-expression as determined by 

alamarBlue® cell viability assay. Data represent the mean ± SD from three independent 

experiments with eight replicates per treatment
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FIGURE 5. 
Effects on tumor growth following RLIP76 antibody, RLIP76 antisense, or 2HF treatment. 

Female athymic nude mice were implanted with MCF7 and SKBR3 cells and treated with 

either RLIP76 IgG (5 mg/kg, i.p.), RLIP76 antisense (5 mg/kg, i.p.) or 2HF (25 mg/kg, b.w. 

oral gavage). A and D, Weight gain; (B and E) tumor cross-sectional area; and (C and F) 

tumor weight were determined at the end of the study (day 60) for each treatment group. 

Each value in the line graph and bar graph is the mean ± SD from five mice in each group. 

Photographs of tumor were also taken at day 60 after treatment
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FIGURE 6. 
Effects of 2HF on expression levels of protein in tumor tissues. Tumor tissue excised from 

control, 2HF-treated, scrambled (scr) antisense treated, and RLIP76-antisense treated MCF7 

and SKBR3 xenograft mice were analyzed for changes in expression levels of RLIP76 (A), 

and Bax, Bcl2, cleaved PARP, survivin, CDK4, cyclin B1, E-cadherin, vimentin, and pAkt 

protein (B). β-actin was used as a loading control. Numbers below the blots represent the 

fold change in the levels of proteins as compared to Control as determined by densitometry. 

Bar diagram shows the quantification of respective Western blots. Dotted line represents no 

significant change as observed with control (panel B)
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FIGURE 7. 
Immunohistochemical analyses of RLIP76, and proliferation and angiogenesis markers in 

MCF7 and SKBR3 breast xenograft tumors. Tumor tissues from control, 2HF-treated, 

scrambled (scr) antisense treated, and RLIP76-antisense treated mice were used for 

Immunohistochemical analysis. Staining for H&E, RLIP76, Ki67, CD31, E-cadherin, and 

vimentin was performed. Photomicrographs at 40× magnification were acquired using 

Olympus DP 72 microscope. Percent staining was determined by measuring positive 

immuno-reactivity per unit area. The intensity of antigen staining was quantified by 

digital image analysis using Pro Plus software. Bars represent mean ± S.E. (n = 5). 

One representative image for each treatment group is shown. *Statistical significance 

of difference was determined by two-tailed Student's t-test; P < 0.01, 2HF and RLIP76-

antisense treated compared with respective controls
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