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Abstract

Acquired resistance to doxorubicin is a major hurdle in triple-negative breast cancer (TNBC) 

therapy, emphasizing the need to identify improved strategies. Apigenin and other structurally 

related dietary flavones are emerging as potential chemo-sensitizers, but their effect on three-

dimensional TNBC spheroid models has not been investigated. We previously showed that 

apigenin associates with heterogeneous ribonuclear protein A2/B1 (hnRNPA2), an RNA-binding 

protein involved in mRNA and co-transcriptional regulation. However, the role of hnRNPA2 in 

apigenin chemo-sensitizing activity has not been investigated. Here, we show that apigenin 

induced apoptosis in TNBC spheroids more effectively than apigenin-glycoside, owing to higher 

cellular uptake. Moreover, apigenin inhibited the growth of TNBC patient-derived organoids at an 

in vivo achievable concentration. Apigenin sensitized spheroids to doxorubicin-induced DNA 

damage, triggering caspase-9-mediated intrinsic apoptotic pathway and caspase-3 activity. 

Silencing of hnRNPA2 decreased apigenin-induced sensitization to doxorubicin in spheroids by 

diminishing apoptosis and partly abrogated apigenin-mediated reduction of ABCC4 and ABCG2 
efflux transporters. Together these findings provide novel insights into the critical role of 

hnRNPA2 in mediating apigenin-induced sensitization of TNBC spheroids to doxorubicin by 

increasing the expression of efflux transporters and apoptosis, underscoring the relevance of using 

dietary compounds as a chemotherapeutic adjuvant.
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1. Introduction

Triple-negative breast cancer (TNBC), characterized by the absence of estrogen receptor 

(ER), progesterone receptor (PR) and lack of amplification of human epidermal growth 

factor receptor 2 (HER2), is highly aggressive [1]. Its poor clinical prognosis and high 

mortality rates often arise from acquired resistance to first-line chemotherapeutic drugs such 

as doxorubicin [2]. Acquired resistance to doxorubicin is a major hurdle to effective 

treatment of TNBC [3], underscoring the need to identify safe and effective sensitizing 

agents.

Flavonoids, which are the most abundant plant phenolic compounds in human diets, are 

classified into different subgroups, including the flavones, based on their chemical 

modifications [4]. The dietary flavone apigenin, found in high levels in celery and parsley, 

showed increased potential as a sensitizer to doxorubicin in breast cancer (BC) cultured in 

two-dimensional (2D) systems [5]. However, results from 2D cell cultures have shown major 

shortcomings in translation to the clinic. Substantial data indicate the superiority of three-

dimensional (3D) tumor spheroids as preclinical models for evaluating drug efficacy [6,7]. 

Thus far, the impact and underlying mechanisms of flavones on doxorubicin sensitivity in 

TNBC spheroids have not been investigated. Apigenin has attracted great attention due to its 

ability to induce apoptosis in cancer cells, by mediating caspase-9-dependent activation of 

the intrinsic apoptotic pathway in BC [8,9]. Apigenin is found in plants in its sugar-bound 

glycoside form [10]. Previous studies showed that aglycone apigenin, free of sugars, has 

greater anti-inflammatory activity than its glycoside counterpart in macrophages, an effect 

ascribed to its higher absorption [11]. However, the anti-cancer activity of apigenin aglycone 

and glycoside and their sensitizing capability in TNBC spheroids have not been investigated.

We recently demonstrated that apigenin associates with several proteins with varying 

affinities, through screening of human BC peptides using a phage-display library coupled 

with next generation sequencing (PD-Seq) [12]. One of the validated high affinity targets 

was the heterogeneous ribonuclear protein A2/B1 (hnRNPA2), an RNA binding protein 

involved in the regulation of mRNA stability and alternative splicing [13]. HnRNPA2 is an 

oncogenic driver highly upregulated in BC and correlated with poor survival [14–16]. 

Recent studies showed that hnRNPA2 acts as a co-transcriptional regulator [17,18]. It 

remains unknown, however, whether hnRNPA2 is involved in regulating apigenin-induced 

sensitization to doxorubicin.

Impaired apoptosis and limited drug accumulation are major causes of doxorubicin-acquired 

resistance [19,20]. Doxorubicin induces cell death by triggering DNA damage in the form of 

double-stranded breaks (DSBs), which leads to the phosphorylation of histone H2AX [21]. 

DNA damage stimulates the caspase-9-dependent intrinsic apoptotic pathway [22] and 

subsequently activates caspase-3, a central executioner of apoptosis [23,24]. Failure to 
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activate caspase-3 is a major contributor to the acquired resistance of cancer cells. In 

addition, decreased drug accumulation is recognized as a key mechanism of cancer cell 

multidrug resistance [25]. Drug accumulation in cells is mainly regulated by membrane-

bound influx and efflux transporters [26]. The two main membrane-bound protein families 

responsible for doxorubicin transport in cancer cells are the ATP-binding cassette (ABC) 

efflux [27] and the solute carrier (SLC) influx transporters [28]. Decreased expression of the 

doxorubicin-selective SLC influx transporter, SLC22A16, in TNBC has been correlated to 

poor patient survival [29,30]. Likewise, over-expression of the ABC efflux transporters, 

ABCB1, ABCC1, ABCC4 and ABCG2 has been shown to contribute to doxorubicin 

resistance in TNBC [31–34]. Whether apigenin modulates the expression of doxorubicin-

selective transporters in human TNBC spheroids has not been investigated.

In the present study, we examined the role of hnRNPA2 in regulating apigenin-mediated 

sensitization of human TNBC spheroids to doxorubicin. We demonstrated that hnRNPA2 

plays a critical role in mediating apigenin-mediated sensitization of TNBC spheroids to 

doxorubicin-induced apoptosis by enhancing the activation of the intrinsic pathway and 

triggering caspase-3 activity. We showed that apigenin, through hnRNPA2 dependent and 

independent mechanisms, decreases the expression of doxorubicin-selective ABC efflux 

transporters. Our findings reveal a novel mechanism by which apigenin through hnRNPA2 

sensitizes TNBC spheroids to doxorubicin. Together, these findings advance the concept of 

utilizing dietary compounds as adjuvants to overcome chemoresistance in TNBC, which 

may well be impactful in the treatment of other cancers.

2. Materials and methods

2.1. Chemicals

Apigenin, apigenin-7-O-glucoside, naringenin and doxorubicin were purchased from Sigma 

(St. Louis, MO). Flavonoids were dissolved in sterile dimethyl sulfoxide (DMSO, Sigma) 

and doxorubicin was dissolved in sterile H2O. Growth factor reduced basement membrane 

Matrigel was obtained from Corning (Bedford, MA). Insulin-transferrin-selenium-X (ITS-

X) and penicillin–streptomycin-glutamine solutions (PSG) were from GIBCO (Waltham, 

MA). Epidermal growth factor (EGF), hydrocortisone, insulin and gentamycin were 

purchased from Sigma. Alexa Fluor 488 conjugated cleaved caspase-3 (Asp175) (D3E9) 

antibody was purchased from Cell Signaling Technologies (Danvers, MA). Anti-phospho-

histone γH2AX (S139, clone JBW301) antibody was from Millipore (Billerica, MA). Anti-

hnRNPA2/B1 (clone DP3B3) and anti-β-tubulin (clone AA2) antibodies were obtained from 

Santa Cruz Biotechnology (Santa Cruz, CA). Caspase-3 inhibitor DEVD-FMK and the 

caspase tetrapeptide substrates LEHD-, IETD- and DEVD-AFC were from Enzyme System 

Product (Livermore, CA).

2.2. 2D and 3D cell culture

MDA-MB-231 human TNBC cells (ATCC® HTB-26™) were purchased from American 

Type Culture Collection (ATCC, Manassas, VA) and were cultured in DMEM (GIBCO) 

complete media (supplemented with 5% fetal bovine serum (FBS), 100 μg/ml streptomycin 

and 100 U/ml penicillin) at 37 °C and 5% CO2. MDA-MB-231 cells were grown into 
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spheroids as previously described with a few modifications [35]. Briefly, MDA-MB-231 

cells (passage number <20) were seeded at a density of 2000 cells/well into V-bottom 96 

well plates (Greiner bio-one, #651101, Frickenhausen, Germany), centrifuged at 500 g for 5 

min and supplemented with complete media containing 2.5% Matrigel. Spheroids were 

cultured for up to 6 days prior to treatments. Spheroid formation at different time points was 

assessed using BZ-X-800E All-in-One fluorescence microscope (Keyence, Itasca, IL). The 

diameters of the spheroids were determined using ImageJ software (NIH, Bethesda, MD) 

and growth was calculated as the difference in the diameters between the final and initial 

days of the treatment (Δ diameter).

2.3. DPBA staining

Cells were incubated with the flavonoid-binding fluorescent dye diphenylboric acid 2-

aminoethyl ester (DPBA; Sigma; excitation 490 nm, emission 530 nm) as previously 

described with a few modifications [36]. Briefly, 1 × 105 cells were grown on coverslips 

placed in 6-well plates (Corning) for 24 h and subsequently treated with flavonoids or 

DMSO for 48 h. After treatment, the cells were rinsed twice with phosphate-buffered saline 

(PBS, Sigma), fixed with 0.2% paraformaldehyde for 30 min at room temperature (RT) and 

stained with 0.2% (w/v) DPBA for 1 h at RT in the dark. After staining, the coverslips were 

immediately washed twice with cold PBS, mounted on slides and imaged using Olympus 

FluoView 1000 confocal laser scanning microscope system, configured on an Olympus IX81 

inverted microscope with Olympus FluoView 1000 Advanced Software (Olympus America, 

Inc., Center Valley, PA). The images were processed using ImageJ and the relative 

fluorescence intensity was calculated as the raw integrated density per area normalized to 

diluent control.

2.4. Cell viability assays

For 2D cultures, cells were seeded at a density of 6 × 105 cells/ml into 96-well plates and 

treated with flavonoids at 50 μM for 48 h. Cell viability was assayed with CellTiter 96 

Aqueous One Solution Cell Proliferation Assay as instructed by the manufacturer (Promega, 

Madison, WI). In the spheroids, cell viability was determined using CellTiter-Glo® 3D Cell 

Viability Assay (Promega) following the manufacturer’s instructions. The absorbance at 490 

nm and luminescence for 2D culture and spheroids, respectively, were measured using 

Synergy™ Neo2 Multi-Mode Microplate Reader (BioTek Instruments, Inc., Winooski, VT). 

The percentage of viable cells was calculated as (Ytreatment − Yblank)/(Ycontrol − Yblank) × 

100%, where Y is the absorbance at 490 nm or luminescence. In addition, cell viability and 

death were assessed by incubating spheroids with 2 μM calcein AM (Invitrogen, Carlsbad, 

CA), a vital dye, and 2 μg/mL propidium iodide (PI, Molecular Probes, Eugene, OR) for 1 h 

at 37 °C, as previously described [37]. After staining, spheroids were rinsed once with PBS 

and imaged immediately. Z-stack images of spheroids were acquired with a pitch of 40 μm 

accounting for 10–15 stacks per spheroid using BZ-X-800E All-in-One fluorescence 

microscope. The PI mean fluorescence intensity was measured with ImageJ software.

2.5. Patient-derived xenograft (PDX) organoids

Animal studies were done in accordance with the protocols approved by the Institutional 

Animal Care and Use Committee at Michigan State University. PDX tumor HCI001 was 
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obtained from Dr. Alana Welm (Huntsman Cancer Institute, University of Utah, UT) and 

propagated in NSG female mice (Jackson Laboratories, Bar Harbor, ME) by serial passages. 

PDX organoid cultures were established as previously described [38]. PDX HCI001 

fragments (5–7 mm3) were implanted into mammary fat pads of 4–5 weeks old NSG female 

mice and excised on reaching sizes ~2.5–3 cm3. Tumors were minced into tiny fragments 

and incubated in sterile digestion buffer (DMEM-F/12 supplemented with 10 mM HEPES, 

2% bovine serum albumin (BSA), 5 μg/mL insulin, 0.5 μg/mL hydrocortisone, 50 μg/mL 

gentamycin) along with 1 mg/mL collagenase solution (Invitrogen) in a 37 °C shaking water 

bath at 180 rpm for 20 min. The mix was centrifuged at 500 g for 4 min and the pellet was 

resuspended and incubated in 10 mL of red blood cell lysing TAC buffer (170 mM Tris, pH 

7.4 and 150 mM NH4Cl, pH 7.4) at 37 °C for 2 min and immediately centrifuged. The pellet 

was then resuspended in DMEM-F/12 and filtered through a 100 μm cell strainer (Corning) 

before spinning down twice at 500 g for 40 s to remove debris. The organoid-containing 

pellet was diluted in modified M87 media (DMEM/F12, 2% 1FBS, 1% ITS-X, 1% PSG, 5 

ng/mL EGF, 0.3 μg/mL hydrocortisone, 0.5 ng/mL cholera toxin, 5 nM 3,3′,5-triiodo-L-

thyronine, 0.5 nM β-estradiol, 5 μM (±)-isoproterenol hydrochloride, 50 nM ethanolamine 

and 50 nM O-phosphorylethanolamine, all from Sigma) and cultured at a density of 500/

well for 5 days in ultra-low attachment 24-well dish (Corning, #3473) at 37 °C and 5% CO2 

to obtain an average diameter of 100 μm. For the treatment studies, the organoids were 

cultured at 100/well in modified M87 media containing 5% Matrigel. Images were 

processed as described in the previous section.

2.6. Immunolabeling of spheroids

Spheroids were transferred to chamber slides (Thermo Scientific, Waltham, MA) and 

embedded in 100% Matrigel before staining, as previously described [39]. Briefly, spheroids 

were fixed with 2% paraformaldehyde (Sigma) for 20 min at RT, permeabilized with 0.5% 

Triton X-100 for 20 min at 4 °C and washed twice with PBS. The spheroids were first 

incubated with primary blocking buffer (containing 0.1% BSA, 10% goat serum [Thermo 

Scientific], 0.2% Triton X-100, 0.05% Tween 20 in PBS) for 1 h at RT, followed by 

incubation with secondary blocking buffer (containing primary block with 20 μg/ml goat 

anti-mouse F(ab́)2 [Jackson ImmunoResearch, West Grove, PA]) for 40 min at RT. The 

spheroids were incubated with 0.1 μg/mL Alexa Flour 488 conjugated cleaved caspase-3 

antibody in secondary blocking buffer overnight on a gentle shaker in dark conditions at 4 

°C. The spheroids were washed thrice with PBS and the nuclei were stained with 4′,6-

diamidino-2-phenylindole (DAPI, 5 ng/mL) for 10 min at RT. After two washes, the 

spheroids were mounted with coverslips using Fluoromount-G mounting media (Thermo 

Scientific) and allowed to dry overnight at RT in the dark prior to imaging.

2.7. Caspase activity

Protein lysates from 10 to 15 spheroids were prepared in 30 μl NP-40 lysis buffer (0.5% 

NP-40, 50 mM Tris, pH 7.4, 150 mM NaCl, 50 mM NaF, 10 mM Na-glycerophosphate, 5 

mM Na-pyrophosphate, 1 mM orthovanadate, 1 mM DTT, 0.1 mM PMSF, and CLAP (2 

μg/ml of each chymostatin, leupeptin, antipain, and pepstatin) for 30 min on ice. 

Caspase-9,−8 and −3 activities in cell lysates were assessed using 20 μM LEHD-, IETD- and 

DEVD-AFC substrates, respectively, as previously described [40]. Released AFC was 
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measured using a Synergy™ Neo2 Multi-Mode Microplate Reader (Filters: Ex 400 nm, Em 

508 nm) and caspase activity was expressed as moles of free AFC released/minute/mg of 

protein.

2.8. Western blots

Cellular lysates from 0.5 × 106 cells or 10–15 spheroids were prepared as described in the 

above section. Equal amounts of protein were separated by SDS-PAGE, transferred onto 0.2 

μm nitrocellulose membranes (GE Amersham Biosciences, Chicago, IL), immunoblotted 

with antibodies, anti-phospho-histone γH2AX, anti-hnRNPA2/B1 or anti-β-tubulin, 

followed by horseradish peroxidase-conjugated secondary antibodies (Thermo Scientific) 

and visualized by enhanced chemiluminescence (SuperSignal™ ELISA Pico 

Chemiluminescent Substrate, Thermo Scientific).

2.9. Kaplan–Meier plotter survival analysis

Kaplan-Meier online-plotter (https:/kmplot.com/) was used to assess the effect of hnRNPA2 

on Relapse-Free Survival (RFS) in TNBC patients [41]. Briefly, hnRNPA2 (225932_s_at) 

was entered into the database and RFS was selected as the survival endpoint. The analysis 

was restricted to ER−, PR−, HER2− and basal breast cancer subtypes among the available 

datasets in the Kaplan-Meier database. Redundant samples and biased arrays were exempted 

from the analysis. Kaplan–Meier survival plots were then obtained, wherein the prognostic 

value was analyzed by comparing the low and high expression cohorts (upper/lower) 

quartiles of median gene expression.

2.10. siRNA silencing

Cells (0.5 × 106 cells/well) in a 6-well plate were transfected with 200 nM siRNA-hnRNPA2 

(sense, 5′-GGAACAGUUCCGUAAGCUC-3′, Dharmacon, Chicago, IL) or 200 nM 

siRNA-control (sense, 5′-UUCUCCGAACGUGUCACGU-3′, Qiagen, Germantown, MD) 

using Lipofectamine 2000 (Invitrogen, CA) for 6 h, and then diluted 2-fold in complete 

media and incubated for an additional 42 h. Following this first transfection, the cells were 

rinsed with PBS, subjected to a second round of transfection with the same amount of 

siRNA for 24 h, rinsed twice with PBS, and then used for spheroid formation.

2.11. RNA isolation and quantitative RT-PCR (qRT-PCR) analyses

RNA was extracted from 30 to 45 spheroids using RNeasy mini kit (Qiagen) and quality was 

evaluated using Synergy™ Neo2 Multi-Mode Microplate Reader. cDNA was reverse 

transcribed from 1 μg RNA using the ThermoScript RT-PCR system (Invitrogen) according 

to the manufacturer’s instructions. The qRT-PCR primer sequences used (IDT, Chicago, IL) 

are as follows: ABCB1: PAO-1502 (forward, 5′-TGCTCAGACAGGATGTGAGTTG-3′), 

PA0–1503 (reverse, 5′-AATTACAGCAAGCCTGGAACC-3′); ABCC1: PAO-1520 

(forward, 5′-TGTGTGGGCAACTGCATCG-3′), PAO-1521 (reverse, 5′-

GTTGGTTTCCATTTCAGATGACATCCG-3′); ABCC4: PAO-1524 (forward, 5′-

GAGTTGCATGACTTGGACACGGTA-3′), PAO-1525 (reverse, 5′-

AACAGAGGGTTAGCCTTCCATAAATGAGA-3′); ABCG2: PAO-1504 (forward, 5′-

TATAGCTCAGATCATTGTCACAGTC-3′), PAO-1505 (reverse, 5′-
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GTTGGTCGTCAGGAAGAAGAG-3′); SLC22A16: PAO-1522 (forward, 5′- 

GCCCTCCTGAGTGGAGTGTTAA-3′), PAO-1523 (reverse, 5′-

TTTCATTCTCTGACTCCAGTTTTGC-3′); GAPDH: PAO-213 (forward, 5′-

ACTTTGGTATCGTGGAAGGACT-3′), PAO-214 (reverse, 5′- GTA-

GAGGCAGGGATGATGTTCT-3′). Reaction mixtures in a total volume of 20 μl containing 

200 ng of cDNA template, 0.25 μM primers and 10 μl SYBR Green Master Mix (Applied 

Biosystems, Carlsbad, CA) were run in QuantStudio 3 Real-Time PCR System (Applied 

Biosystems) using the following conditions: 95 °C for 10 min followed by 40 cycles of 95 

°C for 1 min, 60 °C for 1 min, and 72 °C for 1 min. Fold change in expression was 

calculated as: fold change = 2−ΔCt(Apigenin)/2−ΔCt(DMSO), where ΔCt = (Ct target − Ct 

internal control). All selected genes were normalized to the expression of internal control 

GAPDH.

2.12. Statistical analyses

All data analyses were performed using the GraphPad Prism software (San Diego, CA). 

Data are represented as mean ± SEM. Statistical differences between two or more groups 

were determined using one-way or two-way ANOVA followed by a Tukey’s post-test for 

multiple comparisons. For qRT-PCR results involving single groups, statistical significance 

was analyzed by t-test. Statistical significance is stated in the text.

3. Results

3.1. Differential cytotoxicity of aglycone and glycoside apigenin in human TNBC 
spheroids

We previously reported that apigenin aglycone has greater anti-inflammatory activity in 

macrophages than apigenin-7-O-glucoside, its sugar-bound counterpart [11], but their 

cytotoxic effects in human TNBC 3D models have not been investigated. To evaluate the 

differential effects of aglycone and glycoside apigenin (Fig. 1A) on growth and cytotoxicity 

in 3D human TNBC, we first established TNBC spheroids by seeding MDA-MB-231 cells 

for 6 days as described in Materials and Methods (Fig. 1B). On day 6, when the spheroids 

reached ~600 ± 15 μm in diameter, they were treated with 50 μM apigenin, apigenin-7-O-

glucoside, the flavanone naringenin or vehicle DMSO for an additional 6 days (Fig. 1B). We 

found that apigenin significantly diminished the spheroid growth by 85% compared with 

DMSO, as evidenced by the decrease in the difference in diameter between the final day 6 

and initial day 0 of treatment (Δ diameter) (Fig. 1C). Apigenin-7-O-glucoside had a weaker 

effect, reducing the spheroid growth by ~40%. In contrast, the naringenin, a flavanone which 

differs structurally from apigenin by the absence of a double bond in the C ring (Fig. 1A), 

had only a negligible effect on TNBC spheroid growth (Fig. 1C).

To study the mechanism responsible for the effect on spheroid growth by these flavonoids, 

we evaluated cell viability. Spheroids treated with 50 μM apigenin showed a ~90% reduction 

in cell viability (Fig. 1D). In contrast, apigenin-7-O-glucoside reduced the viability by 

~25%, while naringenin showed no significant effect on spheroid viability (Fig. 1D). 

Consistent with these results, a ~six-fold increase of propidium iodide staining (PI), a 

marker of cell death, was observed in spheroids treated with apigenin for 6 days compared 

Sudhakaran et al. Page 7

Biochem Pharmacol. Author manuscript; available in PMC 2021 April 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with those treated with DMSO vehicle control (Fig. 1E and F). However, spheroids treated 

with apigenin-7-O-glucoside or naringenin showed negligible PI staining similar to that of 

DMSO control (Fig. 1E and F). Together these results demonstrate that apigenin aglycone 

has greater cytotoxic activity than its glycoside counterpart.

To investigate whether the difference in the effects of apigenin aglycone and glycoside on 

TNBC cell viability was due to disparities in their cellular accumulation, we quantified the 

intracellular levels of flavonoids by measuring the mean fluorescence intensity after staining 

with DPBA in MDA-MB-231 2D cultures. Cells treated with 50 μM apigenin for 48 h 

showed a ~ eight -fold increase in DPBA fluorescence compared with DMSO (Fig. 1G and 

H), while cells treated with 50 μM apigenin-7-O-glucoside or naringenin showed a subtle 

DPBA staining (Fig. 1G and H). Under these 2D culture conditions, apigenin reduced cell 

viability by 70%, similar to the levels found in 3D culture model (Fig. 1I and D, 

respectively). In contrast, apigenin-7-O-glucoside had a minor ~7% reduction in cell 

viability, while naringenin had no effect compared with DMSO (Fig. 1I). Collectively, these 

results demonstrate that aglycone apigenin is more potent than its glycoside counterpart in 

inducing cytotoxicity in TNBC MDA-MB-231 spheroids, which can potentially be attributed 

to more efficient cellular accumulation of the aglycone form.

3.2. Apigenin induces caspase-3 mediated apoptosis in spheroids

Based on the higher cytotoxic effects induced by the aglycone, we next investigated the dose 

response relationship of apigenin with TNBC MDA-MB-231 spheroid growth. We found 

that treatment with increasing concentrations of apigenin ranging from 5 to 50 μM for 6 days 

reduced spheroid growth in a dose dependent manner, with significant reduction observed at 

concentrations as low as 5 μM (Fig. 2A). Concomitantly, the viability of spheroids was 

significantly decreased in a dose-response manner at all concentrations of apigenin tested 

(Fig. 2B). Next, we investigated whether the reduction in cell viability is due to increased 

cell death. Indeed, we found a five -fold increase in cell death at concentrations as low as 5 

μM apigenin, as evidenced by a higher relative mean fluorescence intensity of PI staining, 

further increasing to ~seven fold in spheroids treated with 37 or 50 μM (Fig. 2C and D). For 

further studies, we chose 10 μM concentration for apigenin because of the comparable 

effects observed in viability and cell death among all the lowest concentrations tested. To 

investigate the effect of apigenin over time, we treated spheroids for 3 days with 10 μM 

apigenin, which showed almost 40% reduction in growth, compared with DMSO (Fig. 2E) 

along a significant reduction in cell viability (Fig. 2F).

To gain further insights into the mechanisms regulating apigenin-induced cell death, we 

evaluated the presence of active caspase-3 in spheroids by immunostaining. Cells in the 

spheroid stained positive for active caspase-3 were observed upon treatment with 10 μM 

apigenin for 3 days (Fig. 2G, white arrows), but remained undetectable in DMSO treated 

control spheroids. Consistent with these findings, caspase-3 activity increased by ~three-fold 

in spheroids treated for 3 days with 10 μM apigenin (Fig. 2H) compared with DMSO, 

evidenced by a significant increase in AFC released during the cleavage of the caspase-3 

substrate DEVD-AFC (Fig. 2H). Specificity of these results was confirmed by comparing 

the caspase-3 activity in spheroids treated with apigenin in the presence or absence of the 
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caspase-3 inhibitor DEVD-FMK. Caspase-3 activity was not observed in spheroids 

pretreated for 2 h with 20 μM DEVD-FMK prior to the treatment with apigenin (Fig. 2H). 

Collectively these data provide strong evidence that apigenin induces caspase-3-mediated 

apoptosis in TNBC spheroids.

3.3. Apigenin reduces the viability of TNBC human patient-derived organoids

Having shown that apigenin reduces viability in human TNBC spheroids, we next sought to 

investigate the effect of apigenin on human patient-derived TNBC organoids, an emerging 

preclinical model increasingly used in drug screening [42]. Patient-derived xenograft (PDX) 

organoids were generated from human TNBC PDX HCI001 tumors and cultured with 

increasing concentrations of apigenin or DMSO for 5 days (Fig. 3A). Notably, we found that 

apigenin significantly decreased organoid growth at all concentrations tested. A reduction in 

growth by 55% compared to DMSO was observed at 1 μM apigenin, a concentration which 

we previously showed to be achieved in vivo in mouse plasma (Fig. 3B) [11]. Apigenin also 

significantly reduced organoid viability. Diminution of cell viability was observed at 1 μM 

apigenin, although statistically insignificant, while concentrations of 5–10 μM resulted in a 

significant 35% decrease in viability, which reached 70% and 90% at 25 and 50 μM 

apigenin, respectively (Fig. 3C). Taken together, these results indicate that apigenin reduces 

the growth and viability of human TNBC PDX organoids at concentrations achievable in 
vivo.

3.4. Apigenin increases doxorubicin cytotoxicity in TNBC spheroids

Previous studies showed that apigenin sensitizes TNBC and ER+ doxorubicin resistant BC 

cells in 2D cultures [5]. However, the impact of apigenin on doxorubicin treatment in TNBC 

spheroids has not been investigated. For this purpose, we first determined the lowest 

concentration of doxorubicin affecting spheroid growth. Human TNBC MDA-MB-231 

spheroids were cultured with different concentrations of doxorubicin ranging from 0.01 to 

0.5 μM for 6 days. We found that 0.1 μM and 0.5 μM doxorubicin decreased spheroid 

growth over 6 days by 50% and 80%, respectively, while concentrations lower than 0.1 μM 

had no significant effect (Fig. 4A). Consistently, spheroid viability was significantly 

reduced, reaching over a 30% reduction with 0.1 μM and ~50% with 0.5 μM doxorubicin 

compared to DMSO (Fig. 4B). Therefore, 0.1 μM doxorubicin was selected as the dose for 

further experiments since it was the lowest concentration tested which reduced the growth 

and viability of TNBC spheroids.

To investigate whether apigenin sensitizes TNBC spheroids to doxorubicin, spheroids were 

treated with DMSO, 0.1 μM doxorubicin, 10 μM apigenin, or simultaneously with 

doxorubicin and apigenin for 3 and 6 days. Notably, the growth rate was significantly slower 

in spheroids treated with doxorubicin and apigenin (22 ± 4.0 μm/day) than with either of the 

single treatments (~36.8 ± 3.4 μm/day, Fig. 4C) and representing approximately a four-fold 

decrease compared with DMSO (79.7 ± 5.1 μm/day) (Fig. 4C).

A reduction in growth can be attributed to a decrease in cell proliferation or an increase in 

cell death. To study the mechanism underlying the reduction in spheroid growth observed 

upon doxorubicin and apigenin treatment, we evaluated the effect on cell viability and cell 
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death. Treatment with doxorubicin and apigenin diminished the viability by ~50% compared 

to spheroids treated with doxorubicin alone (Fig. 4D). In contrast, each of the single 

treatments reduced viability by ~25% compared to DMSO (Fig. 4D). Consistent with the 

significant decrease in cell viability, staining with the vital dye calcein AM (in green) was 

nearly undetectable in the doxorubicin and apigenin treatment, but remained evident in both 

of the single treatments (Fig. 4E). Likewise, PI staining, a marker indicative of cell death, 

increased by ~three-fold upon doxorubicin and apigenin combination treatment compared to 

doxorubicin alone and ~two-fold compared to apigenin alone (Fig. 4E and F). Taken 

together, these findings suggest that apigenin increases doxorubicin cytotoxicity by inducing 

cell death in human TNBC spheroids.

3.5. Apigenin-induced sensitization of TNBC spheroids to doxorubicin triggers DNA 
damage, activation of the intrinsic apoptotic pathway and caspase-3

To examine whether the ability of apigenin to sensitize spheroids to doxorubicin results in 

DNA damage, we evaluated the levels of phosphorylated H2AX (γH2AX), a marker of 

double stranded breaks [21]. The levels of γH2AX in spheroids treated with 0.1 μM 

doxorubicin and 10 μM apigenin for 6 days were significantly higher representing a 32-fold 

increase compared to diluent control and at least ~six-fold compared to doxorubicin alone, 

as indicated by western blot analyses (Fig. 5A and B). In contrast, a lower level of γH2AX 

was observed with either of the single treatments, representing ~six- or twelve-fold increase 

in spheroid with doxorubicin or apigenin, respectively, compared to DMSO treated 

spheroids (Fig. 5A and B).

Next, to investigate if cell death induced by doxorubicin and apigenin combination treatment 

was due to the activation of the apoptotic pathways, we evaluated the activity of caspase-8 

and −9, the main regulators of the extrinsic and intrinsic apoptotic pathways, respectively. 

We found higher caspase-9 activity in spheroids treated with doxorubicin and apigenin than 

either of the single treatments, as evidenced by the significant increase in the cleavage of the 

caspase-9-specific substrate LEHD-AFC (Fig. 5C). In contrast, caspase-8 activity was not 

observed in either the combination, the single treatments or DMSO control, but it was 

observed in spheroids treated with 20 nM tumor necrosis factor-related apoptosis-inducing 

ligand (TRAIL), a known inducer of the extrinsic caspase-8 mediated pathway [43], as 

indicated by the cleavage of the specific caspase-8 substrate IETD-AFC. These results 

indicate that doxorubicin and apigenin combination treatment triggers the activity of the 

caspase-9-mediated intrinsic apoptotic pathway. Since the activation of caspase-9 is known 

to trigger caspase-3 activity [44], we next investigated whether caspase-3 was induced in 

apigenin-mediated sensitization to doxorubicin. We found that caspase-3 activity was ~two-

fold higher at day 6 in spheroids treated with the doxorubicin and apigenin than with either 

of the single treatments, as indicated by the increase in the cleavage of the specific caspase-3 

substrate DEVD-AFC (Fig. 5E). Moreover, we found that in the presence of the inhibitor, 

DEVD-FMK, background caspase-3 activity, similar to DMSO controls, was found in 

spheroids treated with doxorubicin and apigenin combination or either of the single 

treatments (Fig. 5E). Taken together, these results demonstrate that apigenin-induced 

sensitization of TNBC spheroids to doxorubicin triggers DNA damage leading to activation 

of caspase-3 through the intrinsic apoptotic pathway.
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3.6. Apigenin-mediated sensitization of spheroids to doxorubicin-induced apoptosis is 
partially dependent upon hnRNPA2

We previously showed that apigenin directly associates with hnRNPA2 in MDA-MB-231 

cells [12]. However, the role of hnRNPA2 in apigenin-induced sensitization to doxorubicin 

has not been examined. To this end, we first evaluated the relevance of hnRNPA2 expression 

on relapse-free survival (RFS) in TNBC patient samples using Kaplan-Meier survival 

analysis as described in Material and Methods. High hnRNPA2 expression correlates with 

decreased RFS (log-rank p = 0.0033) (Fig. 6A), suggesting its relevance as a potential 

TNBC prognostic marker.

Based on the potentially important role of hnRNPA2 in TNBC, we next investigated whether 

apigenin-induced sensitization of spheroids to doxorubicin requires hnRNPA2. MDA-

MB-231 cells transiently transfected with siRNA-hnRNPA2 or a scramble siRNA-control 

for 3 days were used to form spheroids (Fig. 6B). Silencing of hnRNPA2 was robust, as 

evidenced by the absence of hnRNPA2 detection in western blot analyses, which persisted 

throughout the 12 days of the experiment (Fig. 6B and C).

HnRNPA2 has emerged as an oncogenic driver and has been shown to promote several 

cancers including BC [14]. This prompted us to investigate the role of hnRNPA2 in the 

growth of TNBC MDA-MB-231 spheroids. We found that in the absence of hnRNPA2, the 

growth rate of spheroids was significantly slower at 14.6 ± 3.0 μm/day during the first four 

days compared to that of siRNA-control (54.3 ± 0.5 μm/day) (Fig. 6D). After day four, the 

growth rate of the spheroids lacking hnRNPA2 increased to 42.3 ± 6.2 μm/day, but the 

difference remained statistically significant. The overall reduction of growth rate observed in 

the absence of hnRNPA2 resulted in spheroids reaching diameters ~482.0 ± 13.2 μm at day 

6, representing a 30% reduction compared to siRNA-controls (~681.9 ± 19.3 μm) (Fig. 6D). 

Together, these results demonstrate that hnRNPA2 regulates TNBC spheroid growth.

After establishing that hnRNPA2 regulates TNBC spheroid growth, we focused next on 

investigating the impact of hnRNPA2 on apigenin sensitization to doxorubicin-induced cell 

death. We found that the depletion of hnRNPA2 failed to induce cell death, as spheroids 

treated with vehicle DMSO showed similar background PI staining independently of 

hnRNPA2 silencing (Fig. 6E and F, black bars). In the presence of doxorubicin, the PI 

staining was similar irrespective of hnRNPA2 silencing, indicating that hnRNPA2 is 

dispensable for doxorubicin-induced cell death (Fig. 6E and F, green bars). In contrast, 

apigenin lead to a ~two-fold reduction of PI staining in spheroids lacking hnRNPA2 

compared to apigenin-treated siRNA-control (Fig. 6E and 6F, blue bars), suggesting that 

apigenin-induced cell death depends in part on hnRNPA2. Doxorubicin and apigenin 

treatment in spheroids lacking hnRNPA2 resulted in a significant reduction of PI staining 

(~two-fold) compared with siRNA-control spheroids treated with the combination, reaching 

levels of PI staining similar to those observed with doxorubicin alone (Fig. 6E and 6F, red 

bars). Together, these results demonstrate that hnRNPA2 is dispensable for doxorubicin-

induced cell death but plays a major role in apigenin-mediated sensitization to doxorubicin-

induced cell death.

Sudhakaran et al. Page 11

Biochem Pharmacol. Author manuscript; available in PMC 2021 April 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3.7. Apigenin decreases the expression of doxorubicin efflux transporters through 
hnRNPA2 dependent and independent mechanisms

Having demonstrated a role of hnRNPA2 in apigenin-mediated sensitization to doxorubicin-

induced cell death, we next investigated how it impinges on the transporters of doxorubicin 

which play a key role in the development of acquired resistance. The influx transporter 

SLC22A16 and the efflux transporters ABCB1, ABCC1, ABCC4, ABCG2 have been shown 

to be key regulators of doxorubicin accumulation in BC cells in 2D culture models [29,31–

34,45]. Thus, we first investigated whether apigenin affected those transporters by evaluating 

their mRNA steady state levels in human TNBC spheroids. We found that apigenin had no 

effect on SLC22A16 mRNA steady state levels (Fig. 7A). In sharp contrast, apigenin 

significantly reduced the expression of all the doxorubicin efflux transporters tested, 

including ABCB1, ABCC1, ABCC4 and ABCG2 (Fig. 7B–E).

To assess the role of hnRNPA2 in apigenin-mediated decrease of the mRNA levels of 

doxorubicin efflux transporters, we evaluated their expression in spheroids lacking 

hnRNPA2. Spheroids generated from siRNA-control or siRNA-hnRNPA2 transfected TNBC 

MDA-MB-231 cells were treated with 10 μM apigenin or DMSO for 6 days, total mRNA 

was isolated, and efflux transporter steady state mRNA levels were determined by qRT-PCR. 

We found that irrespective of hnRNPA2 silencing, apigenin reduced ABCB1 and ABCC1 
mRNA steady state levels (Fig. 7F and G, red bars), suggesting that the effect of apigenin on 

these transporters is independent of hnRNPA2. However, in the absence of hnRNPA2, 

apigenin showed a reduced ability to decrease ABCC4 steady state mRNA levels. When 

treated with apigenin, the levels of ABCC4 steady state mRNA were 25% higher in 

spheroids lacking hnRNPA2 than in controls (Fig. 7H, red bars). Similarly, upon apigenin 

treatment, ABCG2 mRNA steady state levels were 40% higher in spheroids lacking 

hnRNPA2 than in control siRNA spheroids (Fig. 7I, red bars). These findings indicate that 

the effect of apigenin on ABCC4 and ABCG2 mRNA steady state levels is partly dependent 

of hnRNPA2. Collectively, these results suggest that apigenin through hnRNPA2 dependent 

and independent mechanisms regulates the expression of doxorubicin efflux transporters in 

TNBC spheroids.

4. Discussion

The emergence of acquired resistance to doxorubicin is a major hurdle to successfully 

treating patients with TNBC [46], highlighting the need to identify new adjuvants. The use 

of dietary flavonoids as sensitizing agents to doxorubicin has attracted well-deserved 

attention due to their affordability and lack of adverse effects [47–49]. However, most of the 

studies have relied upon 2D culture models, which have demonstrated limited success in 

translation to clinical applications due to their shortcomings in mimicking the complexity of 

the tumor architecture. In this study, we established that the flavone apigenin targeting 

hnRNPA2 sensitizes TNBC spheroids to doxorubicin-induced apoptosis.

The ability of 3D cultures to better recapitulate the intricacies of tumor biology has 

expanded their use as powerful preclinical models for the screening of potential new 

therapeutics [6,42]. However, until now, only a few studies have used 3D culture models to 

evaluate the physiological activity of flavonoids. Recently, the flavones apigenin and luteolin 
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have been shown to suppress intravasation through the endothelial barrier of MDA-MB-231 

and ER+ MCF-7 BC spheroids, supporting their anti-metastatic activity [50]. A few other 

studies available so far using colorectal, prostate and BC spheroids, showed that the 

flavonoids resveratrol, epigallocatechin gallate and quercetin decrease growth and induce 

apoptosis [51–53]. Our results herein demonstrate that apigenin aglycone reduced the 

growth and viability of human TNBC MDA-MB-231 spheroids more effectively that its 

glucoside counterpart apigenin-7-O-glycoside (Fig. 1C–F), which is likely due to the higher 

cellular absorption of the aglycone (Fig. 1G and H). In agreement with our observations, 

studies found that apigenin is Caco-2 colorectal adenocarcinoma cells are five-times more 

permeable to apigenin than to apigenin-7-O-glucoside [54]. Previous studies in macrophages 

showed higher cellular accumulation of apigenin than its glycoside, which could attribute to 

the higher anti-inflammatory activity of the aglycone [11]. Our findings are also in 

agreement with studies showing that other aglycones including, baicalein, wogonin and 

genistein have higher anti-proliferative activity than their glycosides in ER+ MCF-7 BC in 

2D culture models [55,56]. In addition, the flavone luteolin induces apoptosis more 

effectively its glycoside in MDA-MB-231 2D culture systems [55], but whether this 

difference is due to disparities in absorption was not tested. The limited activity of 

apigenin-7-O-glucoside and naringenin in spheroid growth and viability (Fig. 1C–F) was 

accompanied by their low cellular accumulation (Fig. 1G–I). These differences in cellular 

accumulation may be attributed to the planar structure of apigenin aglycone, which is 

conferred by the presence of a double bond between carbon 2 and 3 on the C ring. This 

planar structure contrasts with the non-planar structure of naringenin, which lacks the double 

bond, or the change in the conformation of the structure due to the addition of the sugar in 

apigenin-7-O-glycoside. Highlighting the impact of the structure on bioavailability in vivo, 

our previous studies showed that glycosylation reduced intestinal absorption of apigenin into 

systemic circulation in mice fed with celery-derived apigenin rich foods [11]. Together, our 

results show different biological efficacy of aglycone and glycoside apigenin in TNBC 

spheroid growth and viability, highlighting the impact that the structure of flavonoids plays 

in determining their biological activity.

In our investigation of the mechanism by which apigenin reduces the viability of MDA-

MB-231 spheroids, we found that apigenin induced caspase-3 activity, supporting its ability 

to induce apoptosis (Fig. 2G and H). Our results agree with previous observations that 

apigenin induced caspase-3 activity in 2D cultures of TNBC and BC cells [8,9]. Our studies 

also showed that apigenin reduced the growth and viability of human TNBC PDX organoids 

at a concentration as low as 1 μM (Fig. 2). This observation is important, because we 

previously showed that this biological active concentration is readily achieved in vivo in the 

plasma of mice fed with celery-derived foods rich in apigenin [11], and was sufficient to 

reduce inflammation [57]. Our present findings highlight the potential of using diets rich in 

apigenin to deliver bioactive concentrations of this flavonoid to induce TNBC cell death.

Only a couple of studies to date have evaluated the activity of flavonoids as sensitizers to 

doxorubicin in spheroid models. For instance, the flavonol resveratrol, found in grapes, and 

the flavone chrysin, abundant in honey, increased the intracellular accumulation of 

doxorubicin in pancreatic and lung cancer spheroids, respectively [58,59]. While the 

mechanisms associated to resveratrol have not been investigated so far, chrysin was found to 
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decrease the expression of the tight junction proteins claudin-1 and 11, increasing 

transepithelial fluxes but had no effect in ABC transporters [59]. Supporting the relevance of 

3D culture models, chrysin-mediated increased doxorubicin cytotoxicity was exclusively 

observed in 3D culture models but was completely ineffective in 2D culture systems [59]. 

Herein, we found that apigenin increased doxorubicin cytotoxicity by promoting cell death 

(Figs. 4 and 8). So far, the only studies done using showed hepatocellular carcinoma 

xenograft models showed that apigenin in combination with doxorubicin suppressed growth 

and induced apoptosis [49]. Together our findings warrant future studies using TNBC animal 

models. Our studies showed that apigenin and doxorubicin treatment triggered DNA damage 

(Fig. 5A and B), leading to the activation of caspase-9 and −3 (Fig. 5C–E). We previously 

showed that apigenin induced DNA damage increasing γH2AX and promoting cell cycle 

arrest in myeloid leukemia [47]. Our results also agree with previous observations that 

apigenin enhanced doxorubicin-induced cytotoxicity through caspase-9 and 3 activity in 2D 

cultures of leukemia, MCF-7 and hepatocellular carcinoma cancer cell lines [5,47,60]. We 

and others have previously reported that apigenin modulates proteins such as ATM, PKC, 

p21, Bcl-2, Bax involved in DNA damage and apoptotic signalling pathways [8,61] in 

different cancer cell lines, further supporting the ability of apigenin to halting tumor cell 

proliferation mechanisms. No increase in caspase-8 activity was observed in our studies, 

indicating a lack of involvement of the extrinsic pathways (Fig. 5D and 8). In contrast, 

enhanced caspase-8 activity in MDA-MB-231 2D cell cultures treated with doxorubicin and 

apigenin was previously reported [8,62]. These discrepancies may owe to the differences in 

the concentrations and culture conditions, emphasizing the disparities between 2D and 3D 

models in delivering results that could be recapitulated in vivo.

Apigenin has been reported to possess anticancer effects both in vitro and in vivo by 

modulating a broad range of molecular signaling pathways involved in tumor proliferation 

and inhibition of apoptosis [63], whether these proteins are directly targeted by apigenin 

however remains unliekely. Thus our findings present evidence that apigenin through direct 

targeting to hnRNPA2 contributes to the modulation of doxorubicin transporters. To better 

understand the mechanisms responsible for these effects of apigenin, we previously 

identified proteins that associate directly with apigenin [12]. Our studies demonstrated that 

apigenin associates with a high affinity to the RNA binding protein hnRNPA2 [12]. 

HnRNPA2 has been identified as a potential prognostic marker in several cancers including 

glioblastoma, lung and colorectal cancers [64–67]. High hnRNPA2 protein levels have been 

detected in brush lung cancer biopsies, supporting its role as an early detection marker [68]. 

Here, we show using Kaplan Meier survival analysis that high hnRNPA2 expression 

correlates with decreased RFS (Fig. 6A), supporting the relevance of hnRNPA2 as a 

potential prognostic marker for TNBC recurrence. A previous study reported that hnRNPA2 

did not impact the overall survival rate of TNBC patients [69]. One may speculate that this 

lack of impact may owe to the choice of datasets in the analyses. Our studies used all the 35 

available breast cancer-specific datasets (see Material and Methods), unfortunately, no 

information regarding the same was provided in the previous study [69]. In this study, we 

found that hnRNPA2 is critical for human TNBC spheroid growth (Fig. 6D). Our results are 

in agreement with previous studies showing that hnRNPA2 plays a critical role in TNBC 

tumor growth in xenografts models [14,69]. Our results further demonstrate that hnRNPA2 
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is central for apigenin-induced TNBC spheroid death, whereas it is dispensable for 

doxorubicin-induced death (Fig. 6E, 6F and 8). We previously reported that apigenin 

modulates the splicing patterns of several hnRNPA2 target mRNAs including caspase-9 [12]. 

Whether hnRNPA2 is required for apigenin-mediated perturbations in the splicing of mRNA 

transcripts encoding apoptotic molecules in TNBC spheroids requires further investigation.

Identification of the critical role of hnRNPA2 in apigenin-induced apoptosis prompted us to 

investigate its ability to regulate the levels of drug transporters, which are known to diminish 

doxorubicin efficacy by decreasing drug availability. Previous studies established that 

apigenin reduces the expression of drug efflux transporters ABCB1, ABCC1, and ABCG2 in 

ER + MCF7 cells in 2D cultures [5], which were confirmed in our 3D TNBC spheroid 

model (Fig. 7B, C and E). In addition, we found that apigenin also reduced the expression of 

the efflux transporter ABCC4 (Fig. 7D), but has no effect on the SLC22A16 doxorubicin 

influx transporter (Fig. 7A and 8). Mechanistically, we demonstrated that hnRNPA2 is 

required for apigenin-mediated reduction of ABCC4 and ABCG2 mRNA expression in 

TNBC spheroids (Fig. 7H, 7I and 8). In contrast, our data indicate that apigenin-induced 

reduction of ABCB1 and ABCC1 expression levels is independent of hnRNPA2 (Fig. 7F, 7G 

and 8). The reasons for the differences in the dependence ABC transporter regulation on 

hnRNPA2 are yet to be elucidated. Recent studies have shown that in addition to its splicing 

activities, hnRNPA2 is a co-regulator of transcription factors including hypoxia inducing 

factor (HIF)-1α and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) 

[17,18,70]. Thus, it is provocative to speculate that hnRNPA2 may regulate ABCC4 and 

ABCG2 expression through its association with transcription factors. In support of this 

hypothesis, hnRNPA2 was found to stabilize HIF-1α [71], leading to enhanced binding of 

HIF-1α to the hypoxia response element located in the ABCG2 promoter [70]. Moreover, 

NF-κB binding to the ABCG2 promoter contributed to the upregulation of their mRNA and 

protein expression in MCF-7 cells [72]. In addition, apigenin was found to reduce HIF-1α 
protein levels in MDA-MB-231 cells [73] and the transcriptional activity of NF-κB in ER+ 

and HER2+ BC cells [74]. Thus, it is conceivable that apigenin reduces ABCG2 mRNA 

expression through the downregulation of NF-κB transcriptional activity. Our findings 

herein which have uncovered the role of hnRNPA2 in apigenin-induced regulation of 

doxorubicin transporters, open the door to these warranted future studies.

In conclusion, hnRNPA2 plays a critical role in mediating apigenin-mediated sensitization of 

TNBC spheroids to doxorubicin-induced apoptosis and is partially responsible for regulating 

the expression of doxorubicin-selective efflux transporters. These findings provide novel 

insights into the mechanisms underlying the potency of apigenin as a sensitizer to 

doxorubicin, underscoring the potential impactful relationship between apigenin rich diets 

and chemotherapeutic drugs that may provide a strategy to improve chemotherapy response 

in cancers beyond TNBC.
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Fig. 1. 
Apigenin aglycone exhibits greater cytotoxicity than its glycoside in TNBC spheroids. (A) 

Chemical structure of flavonoids apigenin, naringenin and apigenin-7-O-glucoside. (B) 

Schematic representation of three-dimensional (3D) MDA-MB-231 spheroid formation 

(from day −6 to 0, corresponding to the time when treatments were initiated) and 

experimental set-up. Spheroids were treated on day 6 with 50 μM apigenin, apigenin-7-O-

glucoside, naringenin or DMSO (denoted as 0 in other figures) for 6 days. (C) Spheroid 

growth represented as Δ diameter between day 6 and day 0. (D) Percentage of cell viability 

of spheroids treated as indicated in (B) compared with DMSO control. (E) Cell death 

evaluated by staining spheroids with calcein AM (green) and PI (red) in spheroids treated as 

indicated in (B). Two representative spheroids, depicted as R1 and R2, shown for each 

treatment. Scale bar: 250 μm. (F) Relative fluorescence intensity of PI staining from data in 

(E). Each biological repeat (N) comprised of 3–4 spheroids. (G) Cellular absorption of 
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flavonoids evaluated by DPBA staining in MDA-MB-231 cells cultured in 2D conditions 

treated with 50 μM apigenin, apigenin-7-O-glucoside, naringenin, or vehicle DMSO for 48 h 

and visualized by microscopy. Scale bar: 20 μm. (H) Relative DPBA fluorescence intensity 

from data represented in (G). (I) Percentage of cell viability relative to vehicle DMSO in 

MDA-MB-231 cells treated as in (G). All data represent mean ± SEM, N = 3, or 5 for (H). 

*p < 0.05, **p < 0.001, compared to DMSO control.
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Fig. 2. 
Apigenin-induced apoptosis in spheroids triggers caspase-3 activity. TNBC MDA-MB-231 

spheroids were treated with 5, 10, 25, 37, 50 μM apigenin or DMSO (denoted as 0) for 6 

days. (A) Spheroid growth represented as Δ diameter between day 6 and day 0. (B) 

Percentage of cell viability of spheroids treated as indicated in (A) compared with DMSO 

control. Data represent mean ± SEM, N = 5; each biological repeat (N) comprised of 3–4 

spheroids. (C) Cell death evaluated by staining spheroids with calcein AM (green) and PI 

(red) in spheroids treated as in (A). Two representative spheroids, R1 and R2, shown for 

each treatment. Scale bar: 500 μm. (D) Relative fluorescence intensity of PI staining of data 

shown in (C). Each biological repeat (N) comprised of 3–4 spheroids. (E) Spheroid growth 

represented as Δ diameter between day 3 and day 0, and (F) percentage of cell viability 

relative to DMSO, of spheroids treated with 10 μM apigenin for 3 days. Each biological 

repeat (N) comprised of 4 spheroids. (G) Representative images of spheroids treated with 10 
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μM apigenin for 3 days immuno-stained with active caspase-3 antibodies (green) and DAPI 

(blue). Scale bar: 500 μm (20X, 3 panels on left); 100 μm (40X, right panel) (H) Caspase-3 

activity was determined in cellular lysates of spheroids pretreated for 2 h with 20 μM 

DEVD-FMK or DMSO prior to the addition of 10 μM apigenin or DMSO for 3 days. All 

data represent mean ± SEM, N = 3. **p < 0.001, compared to DMSO vehicle control; ns 

indicates no statistical difference.
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Fig. 3. 
Apigenin reduces the viability of human TNBC PDX organoids at concentrations achievable 

in vivo. (A) Schematic representation of organoid formation from human TNBC PDX 

HCI001 derived from patient-derived xenografts. Organoids were treated with 1, 5, 10, 25, 

50 μM apigenin or vehicle DMSO (indicated as 0) for 5 days. (B) Growth represented as Δ 

diameter between day 5 and day 0 of organoids treated as shown in (A). (C) Percentage of 

cell viability relative to DMSO in organoids treated as shown in (A). Data represent mean ± 

SEM, N = 4; each biological repeat (N) comprised of 10–15 organoids. *p < 0.05, **p < 

0.001, compared to DMSO vehicle control.
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Fig. 4. 
Apigenin increases the sensitivity of human TNBC spheroids to doxorubicin-induced cell 

death. Growth and viability were evaluated in TNBC MDA-MB-231 spheroids treated with 

0.01, 0.05, 0.1, 0.5 μM doxorubicin or vehicle DMSO (indicated as 0) for 6 days; (−) 

indicate use of diluent; (A) Growth represented as Δ diameter between day 6 and day 0; (B) 

Percentage of cell viability relative to DMSO. (C) The growth rate was evaluated by 

assessing the diameter of MDA-MB-231 spheroids treated with DMSO, 0.1 μM 

doxorubicin, 10 μM apigenin, or simultaneously with doxorubicin and apigenin at day 3 and 

day 6. (D) The percentage of cell viability relative to DMSO was evaluated at day 6 in 

spheroids treated as shown in (D). (E) Cell death evaluated by staining spheroids with 

calcein AM (green) and PI (red) on day 6 in spheroids treated as shown in (D). Two 

representative spheroids, depicted as R1 and R2, shown for each treatment. Scale bar: 400 

μm. (F) Relative fluorescence intensity of PI staining of data shown in (F). All data represent 
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mean ± SEM, N = 2 or 3; each biological repeat (N) comprised of 2–3 spheroids. **p < 

0.001, compared to doxorubicin alone treatment.
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Fig. 5. 
Apigenin enhances doxorubicin cytotoxicity by inducing DNA damage and activation of the 

intrinsic apoptotic pathway. TNBC MDA-MB-231 spheroids treated with DMSO, 0.1 μM 

doxorubicin, 10 μM apigenin or simultaneously with doxorubicin and apigenin for 6 days 

were used to obtain protein lysates. (A) An equal amount of protein lysates from spheroids 

were analyzed by western blotting using anti-γH2AX antibodies. The same membranes 

were re-blotted with anti-β-tubulin antibodies, used as the loading control. (B) Relative 

γH2AX to β-tubulin density of data shown in (A). (C) Protein lysates from spheroids were 

used to evaluate caspase-9 activity by LEHD-AFC assays. (D) Protein lysates from 

spheroids were used to evaluate caspase-8 activity by IETD-AFC assays. Protein lysate from 

spheroids treated with 20 nM TRAIL for 6 days were used as a positive control to evaluate 

the activation of caspase-8. (E) Caspase-3 activity was evaluated by DEVD-AFC assays in 

protein lysates from spheroids pretreated for 2 h with DMSO or 20 μM DEVD-FMK prior to 

treatment with 0.1 μM doxorubicin, 10 μM apigenin or simultaneously with doxorubicin and 

apigenin for 6 days. Data represent mean ± SEM, N = 3. **p < 0.001, compared to single 

treatment with doxorubicin, ns indicates no statistical difference.
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Fig. 6. 
HnRNPA2 regulates apigenin-mediated sensitization of TNBC spheroids to doxorubicin-

induced apoptosis. (A) Kaplan-Meier survival curve was analyzed for hnRNPA2 expression 

and the probability of Relapse-Free Survival in TNBC patients (log-rank p = 0.0033). (B) 

Schematic representation of experiments involving silencing of hnRNPA2, spheroid 

formation and treatments. MDA-MB-231 cells cultured in 2D were transfected with siRNA-

control or siRNA-hnRNPA2 and used to form spheroids (day −6 to day 0). (C) hnRNPA2 

protein expression was evaluated by western blotting of protein lysates of siRNA-control or 

siRNA-hnRNPA2 silenced cells (lanes 1 and 3) collected at day −6 and spheroids (lanes 2 

and 4) at day 6, equal amounts of protein lysates loaded and membranes immunoblotted 

with anti-hnRNPA2 antibodies. The same membranes were re-blotted with anti-β-tubulin 

antibodies. (D) Growth curve of siRNA-control or siRNA-hnRNPA2 silenced spheroids. (E) 

Cell death evaluated by calcein AM (green) and PI (red) staining in siRNA-hnRNPA2 and 
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siRNA-control spheroids treated with DMSO, 0.1 μM doxorubicin, 10 μM apigenin or 

simultaneously with doxorubicin and apigenin in combination for 6 days. Two representative 

spheroids, depicted as R1 and R2, shown for each treatment. Scale bar: 500 μm. (F) Relative 

fluorescence intensity of PI staining from samples shown in (D). Data represent mean ± 

SEM, N = 3; each biological repeat (N) comprised of 3–4 spheroids. *p < 0.015, **p < 

0.001, compared to siRNA-control subjected to similar treatment, ns indicates no statistical 

difference among indicated treatments.
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Fig. 7. 
Apigenin reduces the expression of doxorubicin efflux transporters through hnRNPA2-

dependent and independent mechanisms. Steady state mRNA levels of (A) SLC22A16, (B) 

ABCB1, (C) ABCC1, (D) ABCC4 and (E) ABCG2 in TNBC MDA-MB-231 spheroids 

treated with 10 μM apigenin or vehicle DMSO for 6 days and analyzed using qRT-PCR. 

Data represent mean ± SEM, N = 3. **p < 0.001, compared to DMSO control (indicated as 

0). Steady state mRNA levels of (F) ABCB1, (G) ABCC1, (H) ABCC4 and (I) ABCG2 in 

siRNA-control (empty bars) and siRNA-hnRNPA2 silenced spheroids (solid bars) treated 

with 10 μM apigenin or DMSO (indicated as -) for 6 days and analyzed using qRT-PCR. 

Data represent mean ± SEM, N = 3. *p < 0.05, **p < 0.001; compared to siRNA-control 

subjected to similar treatment, ns indicates no statistical difference among indicated 

treatments.

Sudhakaran et al. Page 31

Biochem Pharmacol. Author manuscript; available in PMC 2021 April 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 8. 
Schematic model of molecular mechanisms involved in apigenin-induced sensitization to 

doxorubicin in human TNBC spheroids. Apigenin sensitizes TNBC spheroids to 

doxorubicin treatment by inducing double stranded DNA breaks and triggering the 

caspase-9-mediated intrinsic apoptotic pathway leading to caspase-3 activation, without 

impacting caspase-8 activity. Thus, apigenin through hnRNPA2 sensitizes TNBC spheroids 

to doxorubicin-induced apoptosis. In addition, through hnRNPA2 dependent and 

independent mechanisms apigenin downregulates the expression of ABC efflux transporters, 

which may lead to increased doxorubicin accumulation.
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