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Abstract

To date, promising therapy for triple negative breast cancer (TNBC) remains a serious concern 

clinically because of poor prognosis, resistance, and recurrence. Herein, anti-cancer potential 

of synthetic cannabidiol (CBD; Purisys, GA; GMP grade) was explored either alone or 

as a chemosensitizer followed by post-treatment with doxorubicin (DOX) in TNBC (i.e., 

MDA-MB-231 and MDA-MB-468) cells. In comparison to 2D cultures, CBD showed greater 

IC50 values in 3D (LDP2 hydrogel based) cultures of MDA-MB-231 (6.26-fold higher) and 

MDA-MB-468 (10.22-fold higher) cells. Next-generation RNA sequencing revealed GADD45A, 

GADD45G, FASN, LOX, and integrin (i.e., -α5, -β5) genes to be novelly altered by CBD in 

MDA-MB-231 cells. CIM-16 plate-based migration assay and western blotting disclosed that 

CBD induces anti-migratory effects in TNBC cells by decreasing fibronectin, vimentin, and 

integrins-α5, -β5, and -β1. Western blotting, RT-qPCR, and immunocytochemistry revealed that 

CBD inhibited autophagy (decreased Beclin1, and ATG-5, −7, and −16) of TNBC cells. CBD 

pre-treatment increased DOX sensitivity in TNBC cells. CBD pre-treatment accompanied by 
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DOX treatment decreased LOX and integrin-α5, and increased caspase 9 protein respectively in 

MDA-MB-468 cells.
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Introduction

Breast cancer (BC) predominantly contributes to mortality in women worldwide [1]. 

Approximately 15–20% of all diagnosed BC cases are of triple-negative breast cancer 

(TNBC) subtype [2]. Neoadjuvant therapy followed by surgery is considered the preferred 

approach for the therapy of early stage TNBC [3]. Nevertheless, therapy of TNBC still 

remains as a concern due to its intractable qualities, unreliable molecular targets, and 

development of multidrug resistance [4].

Medical marijuana is used as a supplement for the symptomatic treatment of cancers 

[5]. The majority of the varieties of marijuana contains 60–66 cannabinoids, of 

which tetrahydrocannabinol (THC) and cannabidiol (CBD) are responsible for its 

pharmacological effects in various conditions [6, 7]. Cannabinoids (Δ9-THC and CBD) 

mediate chemotherapeutic effects by modulating multiple cancer signalling pathways [8, 9]. 

In glioma and breast cancer models, Id1 inhibition attributes to anti-metastatic effects of 

CBD [10].

Doxorubicin (DOX), a potent anthracycline derivative, is effective in TNBC by inhibiting 

the topoisomerase II enzyme and causing DNA damage [11]. However, altered levels/

function/expression of ATP-binding cassette transporters, EMT, topoisomerase II enzyme, 

glutathione S-transferase, and autophagy regulate cancer cells’ resistance to DOX [12–14].

Chemosensitization by using natural products improve the sensitivity, decrease the side 

effects and also delay the resistance of chemotherapeutics in cancer cells [15]. In TNBC, 

noscapine increased docetaxel sensitivity [16]. In cancer, CBD induces cytotoxic effects at 

higher doses but it acts as a chemosensitizer at lower doses [17]. CBD showed synergistic 

chemotherapeutic effects with temozolomide/doxorubicin/carmustine in glioblastoma [18]. 

Recently, CBD microparticles in combination with paclitaxel/DOX showed synergistic 

effects in breast cancer and TNBC cells [19].

To date, this is the first study which evaluates the pharmacological effects of CBD in 3D 

spheroid cultures of TNBC cells and organoid cultures, identifies the novel potential targets 

affected by CBD treatment in TNBC through performing next-generation RNA sequencing 

and molecular biology studies, and also depicts the possible molecular mechanisms 

responsible for CBD-induced improved sensitization of DOX.
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Materials and methods

In vitro culture

TNBC and immortalized non-tumorigenic MCF-10A cells were procured from ATCC 

(Rockville, MD, USA). Culturing and maintenance of these cells were carried out as 

mentioned [20]. TheWell Biosciences (NJ, USA) company has generously provided us the 

supplies (i.e., Type 1 dilution and VitroGel LDP2 hydrogel) required for performing 3D 

culture studies. FBS was received from the Thomas Scientific Company. DMEM/Ham’s F12 

medium supplemented with antibiotics (i.e., penicillin (5000 units), streptomycin (5 mg), 

and neomycin (10 mg/mL); GIBCO) and FBS (10%) was used for culturing MDA-MB-468 

cells. CBD (GLP and GMP grade) and DOX were procured from Purisys (Athens, GA) and 

AK Scientific (Union City, CA) respectively.

Cell viability assays

Cells (TNBC and MCF-10A) at a density of 5000 cells were added into each well of 

a 96-well tissue culture-treated plates and cytotoxic effects were evaluated for CBD and 

DOX (i.e., 100 nM to 10 μM) for 48 h. For chemosensitivity studies in 2D cultures, we 

have pre-treated TNBC cells with CBD (1 and 2.5 μM) for 24 h. After the removal of 

drug-containing media, the respective CBD pre-treated cells were treated with DOX in 

various concentrations (i.e., 0.39 to 25 μM) for 48 h. The same procedure was followed 

for performing chemosensitivity studies in 3D cultures, wherein we have pre-treated TNBC 

cells with CBD (5 μM; 24 h) and then treated with multiple concentrations of DOX (i.e., 

5 to 100 μM; 48 h). For combination studies, fixed concentrations of CBD (1 μM and 

2.5 μM) and different concentrations of doxorubicin (i.e., 0.39 to 25 μM; 48 h) together 

are used for treating TNBC cells. CompuSyn software (version 1.0, ComboSyn, Inc., 

www.combosyn.com) is used for determining the combination index (CI) values as per the 

earlier reports [21, 22]. CBD and DOX cytotoxic effects in 3D cultured TNBC cells were 

investigated as earlier reported by using VitroGel LDP2 hydrogel [23]. MTT assay was used 

for assessing cell viability [24].

Extraction of cells from 3D culture

Cell-embedded 3D hydrogels were washed thrice with DPBS solution and transferred 

into individual 15-mL centrifuge tubes according to the treatment and control groups. 

The cell-embedded hydrogels were dissolved thoroughly by using warm (37 °C) VitroGel 

cell recovery solution (The Well Bioscience, USA), filtered by 70-μm filter and then 

centrifugation (i.e., 2000 rpm for 10 min) was performed. Supernatant was removed and 

proteins were isolated from the pellet.

Immunoblotting

Isolation of whole cell lysates followed by western blotting was done through the previously 

published procedures [23, 25]. All the western blots were cut before probing the membrane 

with primary antibodies diluted in PBST (1:1000). Antibodies used were GADD45-α 
(Catalog no: 4632S), β-actin (Catalog no: 4970S), Phospho-p38 (Catalog no: 9211S), p38 

(Catalog no: 9212S), p53 (Catalog no: 9282S), ATG-5,7,16 (Catalog no: 12994 T, 8558 T, 
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8089 T), Beclin-1 (Catalog no: 3495S), LC3AB-1/2 (Catalog no: 4599S), Integrin β−1,5 

(Catalog no: 34971S, 3629 T), Integrin α−5 (Catalog no: 4705 T), and LOX (Catalog no: 

58135S). Blots were washed thrice (5 min each) with PBST, followed by probing with 

respective secondary antibodies (HRP-conjugated) as mentioned elsewhere [23]. Antibodies 

were obtained from Cell Signalling Technology, USA. Chemidoc Instrument (Bio-Rad) 

was used for capturing images. ImageJ software (1.43u) was utilized for performing 

densitometric analyses of western blots. Band intensities of the respective protein in 

untreated and treated groups were initially measured and were compared to β-actin. Protein 

expression was represented as a percent increase/decrease relative to the control group 

values. Original uncropped blot images have been included in supplementary data.

Flow cytometry

CBD effect on cell cycle was evaluated as described earlier [13]. Quantification was carried 

out using Flow Jo 7.6.1 software (Ashland, OR) [26, 27].

Isolation of RNA, cDNA synthesis, and RT-qPCR

RNA is extracted through TRIzol reagent (Invitrogen, CA, USA) and purified by 

RNeasy Mini kit. For synthesizing cDNA, we used first-strand cDNA Synthesis Kit 

(Catalog no: K1651). BECN1 (qHsaCID0016032), GAPDH (qHsaCED0038674), CCND1 

(qHsaCID0013833), GADD45G (qHsaCED0044300), GADD45A (qHsaCED0036441), 

FASN (qHsaCID0008460), and LOX (qHsaCED0043469) primers were procured from Bio-

Rad. We used Bio-Rad’s SYBR green master mix (Catalog no: 1725270) and PCR Detection 

System (i.e., CFX96 touch; real-time) and SsoAdvanced Universal SYBR Green Supermix 

for performing quantitative PCR (i.e., estimating gene expression). Comparative Ct (ΔCt) 

method was used for determining relative mRNA expression [28]. 18S rRNA and GAPDH 

were considered reference genes. Fold change in the mRNA expression of respective genes 

was depicted in comparison to control group values.

TNBC tissue processing and organoid culture

Florida Agricultural and Mechanical University’s Animal Care and Use Committee had 

reviewed and approved our experiments on female athymic nude mice (Animal protocol 

no: 020–06; Foxn1nu; age: 3–5 weeks, body weight: 20–25 g, n = 3). Mice (Envigo) 

were acclimatized for 7–10 days with light and dark cycle (1:1 ratio). ARRIVE guidelines 

[29], NIH guidelines (Guide for the Care and Use of Laboratory Animals), and applicable 

national laws had been followed for performing experiments. MDA-MB-231 TNBC tumor 

model was developed as mentioned earlier [13]. After observing a tumor volume of 2000 

mm3, tumors were collected from the mice. Tumor tissue was crushed and washed with 

DMEM: F12 medium (supplemented with antibiotics, Glutamax and HEPES), followed by 

digestion with breast cancer (BC) organoid medium containing collagenase (1–2 mg/mL) 

as mentioned [30]. In brief, cell pellet was dispersed in cold Cultrex growth factor reduced 

BME, Pathclear (10 mg/mL; R&D Systems; catalog no: 3433–005–01). After prewarming 

24-well suspension culture plate, the cell suspended mixture (40 μL) was added in each well 

and allowed to solidify for 20–30 min at 37 °C. Later, BC organoid medium (400 μL) was 

supplemented in every well. Replenishing of the media was performed for every 3–4 days. 

Surapaneni et al. Page 4

Drug Deliv Transl Res. Author manuscript; available in PMC 2023 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Organoids were dissociated by using ice-cold DMEM:F12 medium through mechanical 

shearing or using TryPLE express (Invitrogen).

Next-generation sequencing and data analysis

Extraction of RNA was performed as described before for untreated and CBD treated 

MDA-MB-231 cells. DNase I was used for removing traces of genomic DNA. Preparation 

of mRNA library, determination of quality control (i.e., HS DNA chip; Agilent), and 

quantification of the libraries were carried out as mentioned [31]. Equimolar concentrations 

of the libraries were combined and proceeded for RNA sequencing (Illumina NovaSeq 

6000 system; College of Medicine, Florida State University, Translational Laboratory). In 

our study, we did not use any positive controls for the RNA sequencing work. We had 

considered untreated MDA-MB-231 cells as control during comparison of gene changes in 

CBD-treated MDA-MB-231 cells.

NetworkAnalyst 3.0 was used for analyzing RNA-seq data as described [31, 32]. Genes 

having counts (< 10) and variance (< 10%) were only considered for analysis. DEseq2 

identifies differentially expressed genes. NetworkAnalyst 3.0 also determines heat maps of 

globally differentially expressed genes and gene enrichment pathways. Volcano plot was 

generated from DESeq2 data as described [33].

Migration assay

Migration assay was carried out in MDA-MB-231 cells as mentioned [13, 34] by using 

CELLigence label-free RTCA (real-time cell analysis) DP instrument. Readings were taken 

every 10 min for a period of 40 h.

Immunocytochemistry

Immunocytochemistry was performed as per the earlier reports [35–37]. Briefly, glass 

cover slips were used for growing cells. TNBC cells were exposed to CBD for 48 h. 

Afterwards, 4% paraformaldehyde dispersed in PBS was used for fixing cells, and cells were 

washed thrice with PBST, permeabilized, and blocked. After washing thrice with PBST, 

probing with primary antibodies such as anti-rabbit GADD45α (1:100) and anti-rabbit 

Beclin1 (1:100) in 3% BSA is carried out overnight at 4 °C, which is further followed 

by probing under dark conditions with red conjugate or Alexa488 conjugated anti-rabbit 

secondary antibodies (1:200 dilutions in PBST; Santa Cruz Biotechnology Inc., CA, USA). 

Afterwards, mounting of coverslips with NucBlue reagent and capturing of the images 

were performed as described [13] by confocal microscopy (Leica TCS SP8 Laser Scanning 

Spectral Confocal microscope, Germ), which allows us to capture fluorescent images of a 

fluorochrome in a confocal mode but not in bright field or phase contrast mode. Relative 

florescence intensities of the respective images were analyzed by using the LASX software 

module.

Statistical analysis

Data shown were represented as mean ± standard error of the mean and indicative of 

3 independent experiments. GraphPad Prism software of 5.0 version was employed for 

determining statistical analysis. Based on the number of groups, T-test (i.e., between 2 
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groups) and analysis of one-way variance (> two groups) were used to assess statistical 

significance (P < 0.05). Post hoc analysis was done using Tukey’s test.

Results

Cytotoxic effects of CBD in various cells and organoid cultures

Cytotoxic effects of CBD and DOX were assessed through viability assays wherein TNBC 

and MCF-10A cells are exposed to different concentrations of CBD and DOX (i.e., 100 nM 

to 10 μM) for 48 h. Herein, anti-cancer effects of CBD were compared to those of DOX. 

CBD showed cytotoxic effects in MDA-MB-231 (IC50: 3.22 μM) and MDA-MB-468 (IC50: 

3.31 μM) cells (Fig. 1A, B). However, IC50 values of DOX were found as 2.26 μM and 2.56 

μM in MDA-MB-231 and MDA-MB-468 cells respectively (Fig. 1A, B). CBD and DOX 

demonstrated cytotoxic effects with IC50 values of 6.5 μM and 400.73 nM respectively in 

MCF-10A cells (Fig. 1C). This indicates that CBD differentially kills TNBC cells at lower 

concentrations in comparison to its effect in MCF-10A cells. In addition, CBD showed 

cytotoxic effects in 3D cultures (i.e., LDP2 hydrogel based) of MDA-MB-231 (IC50: 20.18 

μM) and MDA-MB-468 (IC50: 33.85 μM) cells (Fig. 1D). In addition, we evaluated the 

efficacy of CBD in 3D organoids of MDA-MB-231 xenografts. After the 8th day of organoid 

formation, CBD treatment was given in various concentrations ranging from 2.5 to 100 μM. 

IC50 value of CBD was found to be 75.36 μM (Fig. 1D).

CBD induced differential regulation of various genes in MDA-MB-231 cells

RNA sequencing was performed in MDA-MB-231 cells to determine the novel targets/genes 

altered by CBD (i.e., 1, 2.5, and 5 μM). RNA sequencing revealed differential regulation 

of various genes upon CBD treatment. Figure 2A depicts a heat map image, which shows 

the expression of various genes upon CBD treatments in comparison to untreated MDA-

MB-231 cells (control). Supplementary Fig. 1 displays the high-resolution heat map image 

of various genes which were differentially regulated upon CBD treatment in MDA-MB-231 

cells. Volcano plot (P value < 0.05 and FC > 1.0) revealed that CBD (2.5 μM) upregulates 

169 genes and downregulates 311 genes (Fig. 2B). KEGG pathway analysis revealed that 

CBD (2.5 μM) upregulated genes were involved in transcriptional misregulation in cancer, 

ferroptosis, apoptosis, p53 signalling pathway, regulation of various signalling pathways 

in cancer (i.e., HMOX1, HES1, GADD45G, IL23A, GADD45A, RASSF1, GADD45B, 

GNG5, NFKBIA, FOS, CKS2, RALA, GSK 3β) (Fig. 2C). KEGG pathway analysis 

revealed that CBD (2.5 μM) downregulated genes are involved in steroid biosynthesis, 

metabolism of cancer cells, ECM-receptor interaction, and progression and arrest of BC 

(Fig. 2D). Figure 2E shows that CBD induces upregulation of GADD45A, GADD45G, 

and ID2 genes, and downregulation of FASN, LOXL4, and ITGB4 genes in MDA-MB-231 

cells. Validation of RNA sequencing data (i.e., GADD45A, GADD45G, CCND1, LOX, and 

FASN) is carried out by performing RT-qPCR. RNA sequencing data revealed that CBD 

(2.5 μM and 5 μM) treatment in MDA-MB-231 cells induced upregulation of GADD45 

alpha (i.e., sevenfold and 13-fold higher respectively) and GADD45 gamma (i.e., 20-fold 

and 42-fold higher respectively), and downregulation of LOX (1.8-fold and twofold lower 

respectively) and FASN (8.66-fold and 9.92-fold lower respectively) genes in comparison 

to control. It also revealed that CBD (5 μM) downregulated CCND1 expression (fivefold 
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lower) in comparison to control. We observed that CBD (2.5 μM and 5 μM) treatment 

increased the mRNA expression of GADD45A (2.5-fold and 4.3-fold higher respectively) 

and GADD45G (1.67-fold and 2.38fold higher respectively), and decreased the mRNA 

expression of LOXL4 (twofold and 5.95-fold lower respectively) and FASN (1.85-fold 

and 4.76-fold lower respectively) genes through performing RT-qPCR (Fig. 2F). CBD also 

decreased CCND1 mRNA expression (fivefold lower) in comparison to control. KEGG 

pathway analysis and RT-qPCR revealed that GADD45A in the p53 signalling pathway was 

significantly upregulated by CBD treatment.

CBD mediates apoptosis by upregulating GADD45 alpha, p-p38, and p53 proteins in TNBC 
cells

RNA sequencing and RT-qPCR data revealed that CBD (2.5 μM and 5 μM) induced 

upregulation of GADD45 alpha in MDA-MB-231 cells. We also confirmed through western 

blotting that CBD treatment significantly increased GADD45 alpha protein expression in 

TNBC cells (Fig. 3A, B). In order to investigate the downstream effectors responsible 

for CBD-induced cytotoxicity in these cells, we also checked phosphorylated p38 and 

p53 proteins. CBD significantly increased the expression of these proteins in TNBC cells 

(Fig. 3A, B). Immunocytochemistry staining also revealed that CBD increased GADD45 

alpha expression in TNBC cells (Fig. 3C and Supplementary Fig. 2). This suggests that 

CBD induces apoptosis by upregulating the expression of GADD45 alpha, p-p38, and p53 

proteins in TNBC cells.

CBD induced G1 arrest in TNBC cells

Propidium iodide staining of TNBC cells (i.e., flow cytometry for cell cycle analysis) 

revealed that CBD (2.5 μM) treatment significantly increases the accumulation of cell 

population at sub G1 phase in comparison to control. MDA-MB-231 control and CBD 

(2.5 μM) showed 66.23% and 78.10% of cell accumulation respectively in sub G1 phase 

(Supplementary Fig. 3). MDA-MB-468 control and CBD (2.5 μM) showed 56.17% and 

71.94% of cell accumulation respectively in sub G1 phase (Supplementary Fig. 3). These 

results imply that CBD induces G1 arrest and also support the cytotoxic effects of CBD in 

TNBC cells.

Anti-migratory effects of CBD in TNBC cells

Integrins, fibronectin, and vimentin regulate multiple signalling pathways of cancer, 

including migration. We observed that CBD significantly decreased integrin- alpha 5, -beta 

1, and -beta 5 protein expression in TNBC cells (Fig. 4A, D). Moreover, CBD significantly 

decreased these proteins in 3D cultures of TNBC cells (Fig. 4C and Supplementary Fig. 4). 

In addition, xCELLigence cell migration analysis in MDA-MB-231 cells further confirmed 

anti-migratory effects of CBD (Fig. 5A). CBD downregulated vimentin and fibronectin 

proteins in TNBC cells (Fig. 5B, C). All these suggest the anti-migratory properties of CBD 

in TNBC cells.
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CBD decreased the autophagy of TNBC cells

Since autophagy plays a pivotal role in regulating anti-cancer effects of various 

chemotherapeutics, we ascertained the protein expression of autophagy markers upon CBD 

treatment. It was observed that CBD induces inhibition of autophagy by significantly 

decreasing the protein expression of Beclin 1, ATG5, ATG7, and ATG16 in 2D monolayers 

of TNBC cells (Supplementary Figs. 5A and 6A). RT-qPCR analysis in MDA-MB-231 

cells revealed dose-dependent amelioration of Beclin 1 mRNA expression by CBD 

(Supplementary Fig. 5B). Immunocytochemistry further validates and confirms that CBD 

decreased beclin1 in TNBC cells (Supplementary Figs. 5C and 6C). We have checked 

the CBD effect on autophagy markers (Beclin1 and LC3A/B) in 3D cultures of TNBC 

cells and noticed that CBD significantly decreased the expression of beclin1 and LC3A/B 

(Supplementary Figs. 5D and 6B). Western blotting and RT-qPCR data support RNA 

sequencing data, which also showed that CBD induces decrease in autophagy.

CBD increased DOX sensitivity in TNBC cells

We have evaluated the chemo-sensitization potential of CBD in TNBC cells by pre-treating 

them with CBD (1 and 2.5 μM) for 24 h and later exposed to multiple doxorubicin 

concentrations (i.e., 0.39 μM to 25 μM) for 48 h. IC50 values of DOX in MDA-MB-231 

cells pre-treated with CBD (1 μM and 2.5 μM) were observed as 952 nM and 300 nM, 

respectively, suggesting that CBD (1 μM and 2.5 μM) can effectively improve the DOX 

sensitivity by 2.5-fold and 7.5-fold respectively (Fig. 6A). DOX IC 50 values in MDA-

MB-468 cells pre-treated with CBD (1 μM and 2.5 μM) were observed as 1.72 μM and 

1.02 μM, respectively, indicating that CBD (1 μM and 2.5 μM) significantly increased 

DOX sensitivity by 1.48-fold and 2.5-fold respectively (Fig. 6B). The combinatorial anti-

cancer effects of CBD and DOX were investigated by exposing TNBC cells to constant 

concentrations of CBD (i.e., 1 μM and 2.5 μM) and varying concentrations of DOX (i.e., 

0.39 to 25 μM) for 2 days. Cannabidiol (1 μM) in combination with doxorubicin (i.e., 

0.39, 0.78, 1.56, and 3.12 μM) showed synergistic effects (i.e., CI < 1) in MDA-MB-231 

cells (Supplementary table 1). However, synergistic effects (i.e., CI < 1) were observed 

with CBD (1 μM) and DOX (0.39 μM) combination in MDA-MB-468 cells (Supplementary 

table 2). CBD (2.5 μM) in combination with all DOX concentrations (i.e., 0.39 to 25 

μM) had shown antagonistic effects (i.e., CI > 1) in TNBC cells (Supplementary tables 1 

and 2). This suggests that a low dose of CBD (1 μM) was more effective in producing 

synergistic effects with DOX. Dose reduction index (DRI) values with various CBD and 

DOX concentrations were also shown in supplementary tables 1 and 2. Moreover, CBD 

chemo-sensitization effects in improving DOX sensitivity were investigated in 3D cultures 

of TNBC cells. Upon CBD (5 μM) pre-treatment, DOX showed cytotoxic effects in 3D 

cultures of MDA-MB-231 ( IC50: 17.42 μM) and MDA-MB-468 (IC50: 31.72 μM) cells, 

suggesting that CBD (5 μM) pre-treatment facilitates increased DOX sensitivity in TNBC 

cells (Fig. 6C, D). Cannabidiol and doxorubicin combination also showed anti-migratory 

effects as compared to control, DOX, and CBD groups (Fig. 6E). CBD decreased LOX 

protein in TNBC cells (Supplementary Fig. 7). Moreover, we investigated the CBD pre-

sensitization effects in facilitating DOX sensitivity by checking caspase 9, integrin-α5, 

and LOX proteins through western blotting. It was observed that pre-treatment with CBD 
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followed by DOX post-treatment ameliorated integrin-α5 and LOX proteins, and increased 

caspase 9 protein expression in MDA-MB-468 cells (Fig. 6F).

Discussion

To date, effective therapeutic options readily available for TNBC are limited [20]. Due 

to poor diagnosis and less efficacy of conventional chemotherapeutics, identification of 

new chemotherapeutics is an urgent clinical need for TNBC. Herein, we investigate the 

anti-cancer effects of CBD in unexplored 3D cultures of TNBC cells, identify novel targets 

responsible for chemotherapeutic effects of CBD in TNBC, and also depict the possible 

molecular mechanisms responsible for improved sensitization of DOX in TNBC cells.

Cannabinoids are gaining enormous interest recently because of their therapeutic 

applications in various diseases including cancer. CBD mediates anti-cancer effects through 

reactive oxygen species (ROS) generation and ERK phosphorylation, which all are involved 

in the downregulation of Id-1, a major molecule that regulates cancer cell proliferation [38].

To date, CBD effects are well demonstrated in 2D monolayers of cancer cells but not 

in 3D cultures, which usually mimic the tumor microenvironment in vivo. 3D systems 

closely mimic the in vivo settings of tissues regarding interactions between cell–cell and 

also differentiation patterns [39]. 2D culture platforms are unable to mimic in vivo tumor 

microenvironment (i.e., complexity and heterogeneity) when compared to 3D cultures [40–

43]. 3D cultures were developed by using hydrogels. Cell density is an important aspect 

to be considered during the evaluation of the cytotoxicity of chemotherapeutics both in 2D 

and 3D culture models. Usage of the right number of cells is critical and we used different 

numbers of cells to evaluate the right number for getting reproducible spheroids in 3D 

cultures. Our observations indicated that a majority of the spheroids formed with 5 × 104 

cells/well were virtually consistent in size, suggesting that the data generated from them is 

reliable for the agents tested in 3D cultures. CBD IC 50 values were found to be higher 

in 3D cultures of TNBC cells in comparison to 2D cultures. Higher IC 50 values in 3D 

cultures were majorly attributed due to the development/creation of tumor microenvironment 

(i.e., by using VitroGel LDP2 hydrogel), which can closely mimic/recapitulate in vivo or 

natural 3D tumor microenvironment. We also observed that CBD differentially kills TNBC 

cells at lower doses (IC50 value ≈ 3–3.5 μM) in comparison to MCF-10A cells ( IC50: 

6.5 μM). Organoid cultures are developed from the respective tissue of origin. Organoid 

cultures (i.e., three-dimensional tissue cultures) are considered as promising preclinical 

in vitro disease models for investigating the efficacy of various chemotherapeutics and 

determining various genomic modifications responsible for the pathogenesis of various 

cancers because of their ability to self-organize into mini-organs showing similarity to the 

respective tissue of origin and bridge the gap between 2D cultures and patient-derived 

xenografts by recapitulating tumor environment [44]. We used Cultrex growth factor 

reduced BME for the development of breast cancer organoids model, whose potential for 

screening of various chemotherapeutics is well demonstrated [30]. As we had seen good 

cytotoxic effects with CBD in MDA-MB-231 3D cultures, we ascertained CBD effects in 

only 3D organoid cultures derived from MDA-MB-231 xenografts. It was observed that 

CBD treatment decreased the growth of 3D organoids (IC50: 75.36 μM) in comparison to 
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untreated organoids. Previous evidences in cancer studies also suggest higher IC50 values in 

3D cultures with chemotherapeutics [45, 46]. We also investigated the stability of CBD in 

both PBS and in medium at pH 7.2. Degradation of CBD was not observed after 45 days as 

ascertained by HPLC.

Since we observed good cytotoxic effects with CBD in 3D organoids (from MDA-MB-231 

xenografts), we would speculate to some extent that CBD might also show similar 

anti-cancer effects in TNBC xenografts. Accumulating evidence has demonstrated that 

administration of CBD for a period of 1–4 weeks at different doses (i.e., 1–20 mg/kg daily) 

caused significant tumor regression [8, 13, 47–49]. It was recently reported that CBD (i.e., 

5 mg/kg, i.p. 3–4 times a week) not only showed cytotoxic effects in head and neck cancers 

but also demonstrated less toxicity to normal oral keratinocytes [50].

Molecular mechanisms responsible for anti-cancer effect of CBD in TNBC cells are 

unexplored. To determine the novel targets/genes altered by CBD treatment in MDA-

MB-231 cells, we performed next-generation RNA sequencing on Illumina NovaSeq 6000 

system, which revealed GADD45A, integrin α5, and integrin β5 genes as novelly altered. 

Next-generation RNA sequencing technologies are free from probe-specific microarray-

hybridization, can detect even less-abundance transcripts along with coding and noncoding 

novel transcripts, and also determine the differentially expressed genes upon treatment with 

chemotherapeutics [51, 52]. RT-qPCR validation revealed a similar trend (i.e., upregulation 

and downregulation) in the experimentally validated genes (GADD45A, GADD45G, LOX, 

FASN, and CCND1) but their fold-change values varied when compared to RNA-seq 

analysis.

RNA sequencing and RT-qPCR data had revealed and confirmed that CBD (5 μM) 

treatment decreased (i.e., fivefold lower) CCND1 (i.e., a gene coding for cyclin D1) 

mRNA expression. These results corroborate well with previous evidence in breast cancer 

that CBD mediates apoptosis by altering PPARγ, mTOR, and cyclin D1 [53]. Cyclin D1 

inhibition in cancer cells is demonstrated to induce G1 arrest [54]. Moreover, flow cytometry 

observations revealed that CBD induces G1 arrest in TNBC cells.

GADD45A functions as a stress sensor upon exposure to physiological and environmental 

stresses and mediates various cell signalling pathways [55, 56]. Expression levels of 

GADD45A are helpful for determining the prognosis of breast cancer, where TNBC 

contains either low or no GADD45A levels [57]. KEGG pathway analysis of MDA-MB-231 

cells RNA sequencing data has showed that CBD upregulates GADD45A, which was further 

validated and confirmed through RT-qPCR and western blotting in TNBC cells. Moreover, 

CBD increased the phosphorylation of p38 MAP kinase, which is a downstream effector of 

GADD45A. GADD45A and p53 (i.e., a tumor suppressor gene) can regulate each other and 

mediate the proliferation of various tumor cells [58, 59]. It was noticed that CBD increases 

p53 expression in TNBC cells. This suggests that CBD mediates growth arrest and apoptosis 

of TNBC cells through upregulation of GADD45A, and phosphorylated p38 and p53.

In breast cancer, integrins (i.e., integrin-α5, -β5, and -β1), fibronectin, and vimentin mediate 

the proliferation, migration, invasion, adhesion, differentiation, angiogenesis, and apoptosis 
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evasion [60–64]. RNA sequencing data revealed that CBD induces downregulation of 

integrin-α5 and -β5 in MDA-MB-231 cells. Moreover, CBD decreased ITGA5, ITGB5, 

ITGB1, fibronectin, and vimentin proteins in TNBC cells. Additionally, xCELLigence cell 

analysis platform revealed that CBD significantly decreases MDA-MB-231 cell migration. 

RNA sequencing also revealed that CBD treatment upregulates the pro-differentiation factor, 

ID2 (inhibitor of DNA binding 2) around 2–threefold higher in comparison to untreated 

MDA-MB-231 cells. ID2 overexpression contributes to decreased proliferation, invasion, 

and increased differentiation in TNBC [65]. Fatty acid synthase (FASN) and lysyl oxidase 

(LOX) mediate metastasis, resistance of cancer cells to chemotherapeutics, proliferation, 

and metabolism [66, 67]. RNA sequencing and RT-qPCR have revealed and confirmed that 

CBD decreased FASN and LOX levels, implying CBD effect on cancer cell metabolism and 

metastasis.

Autophagy is also involved for chemotherapeutics resistance in various cancers. Beclin1, 

ATG5, ATG7, and ATG16 proteins play a vital role during various stages of autophagy 

in various cancers [68]. ATG5 upregulation is responsible for gall bladder cancer cells 

resistance to DOX [69]. CBD decreased beclin 1, and ATG-5, −7, and −16 in TNBC 

cells, suggesting CBD role on inhibition of autophagy. These observations also suggest 

us the therapeutic benefits of CBD when combined with different anti-cancer drugs (i.e., 

which generally increase autophagy and mediate resistance) in various cancer cells. RNA 

sequencing data showed that CBD decreases autophagy-related 2A, a protein involved in 

early stages of autophagosome formation. RT-qPCR data in MDA-MB-231 cells revealed 

decreased beclin1 mRNA by CBD. CBD induces G1 arrest in TNBC cells (flow cytometry 

data), which coincides well with earlier evidence demonstrating that autophagy inhibition 

induces significant cell cycle changes such as G1 arrest [70]. We also observed increased 

p53 expression upon CBD treatment in TNBC cells, which might be also due to decreased 

AT7G levels by CBD treatment. Accumulating evidence suggests that autophagy escalates 

cancer cell migration and invasion [71–73]. Decreased migration of TNBC cells might be 

also due to decreased autophagy by CBD in these cells.

DOX is used either alone or in combination with different chemotherapeutic regimens 

for multiple types of cancers including breast cancer. Despite being used clinically, 

decreased sensitivity and resistance of cancer cells to DOX remain a major clinical 

concern. Autophagy inhibition increases DOX sensitivity in TNBC cells [74]. Recent 

evidence in breast cancer suggests that CBD microparticles showed synergistic effects with 

paclitaxel/DOX [19]. In comparison to CBD-loaded microparticles ( IC70: 18 μM for 48 

h), synthetic CBD (GLP and GMP grade; Purisys, Athens, GA) used in our study showed 

anti-cancer effects in TNBC cells at very low doses. Moreover, CBD pre-treatment (i.e., 

as a chemosensitizer) also increased DOX sensitivity in TNBC cells, where the effects 

are more in MDA-MB-231 cells when compared to MDA-MB-468 cells. CBD (1 μM) in 

combination with DOX (i.e., at various doses until 3.12 μM) induced synergistic effects 

in MDA-MB-231 cells. However, CBD (1 μM) when combined with DOX (0.39 μM) 

induced synergistic effects in MDA-MB-468 cells. Our results suggest that CBD (2.5 

μM) in combination with DOX induced antagonistic effects in both MDA-MB-231 and 

MDA-MB-468 cells. This suggests that CBD at low doses may be combined with DOX 

to induce synergistic effects in TNBC cells, where the effects can vary depending upon 
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the cell type. Anti-migratory effects were observed with CBD and DOX combination in 

MDA-MB-231 cells. Recently, it was reported that targeting LOX could mitigate TNBC cell 

resistance to chemotherapeutics [75]. Our study also demonstrates that anti-cancer effects 

of CBD also involve downregulation of integrin and LOX proteins. We also speculate that 

CBD induced improvement of DOX sensitivity in triple negative breast cells might be due 

to CBD-induced downregulation of LOX protein, which needs further investigation. CBD 

pre-sensitization accompanied by DOX (1 μM) treatment decreased LOX, integrin-α5, and 

increased caspase 9 proteins in MDA-MB-468 cells. Integrin beta-1 upregulation mediates 

DOX resistance in MDA-MB-231 cells [76]. Moreover, RNA sequencing data in MDA-

MB-231 cells revealed that CBD treatment decreases ATP binding cassette subfamily A 

member 2 levels. Chemotherapeutic drug resistance of tumors is mediated by ABCA2 [77, 

78]. CBD induced decrease in ABCA2, autophagy, ATG5, and integrin beta-1 proteins might 

be also responsible for improving DOX sensitivity in TNBC.

Conclusions

CBD induces activation of GADD45alpha/p38/p53 signalling pathway mediated apoptosis, 

G1 arrest, and downregulation of integrins-α5, -β5, and -β1, fibronectin, and vimentin, 

and inhibits autophagy in TNBC cells. CBD increased DOX sensitivity in TNBC cells, 

which might be due to CBD-induced decrease in ABCA2, autophagy, and integrin beta-1 

proteins. Our studies suggest that pre-sensitization of TNBC cells with CBD followed by 

DOX treatment might provide better clinical chemotherapeutic benefits besides decreasing 

the toxicity of DOX. One of the future goals of our laboratory is to use delivery systems 

like lipid nanoparticles and exosomes for more efficient delivery of CBD by oral and 

parenteral routes respectively. It is expected that based on our current results, a delivery 

system approach will lead to more efficient anti-cancer therapeutic effects of CBD in vivo.
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Fig. 1. 
Anti-cancer efficacy of cannabidiol and doxorubicin. A, B, C 2D cultures of TNBC 

and MCF-10A cells; D 3D cultures of TNBC cells and 3D organoids of MDA-MB-231 

xenografts ***P < 0.001, **P < 0.01, *P < 0.05 were considered statistically significant
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Fig. 2. 
Next-generation RNA sequencing and RT-qPCR analysis in MDA-MB-231 cells. A Heat 

map image of RNA sequencing data (n = 3), where “n” represents the number of biological 

replicates per group. B Volcano plot showing that CBD (2.5 μM) treatment induced 

upregulated (in orange) and downregulated (in blue) genes. C Bar graphs showing KEGG 

pathway analysis of CBD (2.5 μM) upregulated genes. D Bar graphs showing KEGG 

pathway analysis of CBD (2.5 μM) downregulated genes. E Illustrative images of CBD-

induced up- (GADD45A, GADD45G, and CCNB2) and downregulated (LOXL4, FASN, 
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and ITGB4) genes. F RT-qPCR analysis of GADD45A, GADD45G, LOX, FASN, and 

CCND1 genes. Control group represents untreated MDA-MB-231 cells. ***P < 0.001, **P 
< 0.01, *P < 0.05 were considered to be statistically significant
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Fig. 3. 
Effect of CBD on GADD45-alpha, p-p38, and p53 proteins in TNBC cells. A Immunoblots 

and densitometry data of GADD45-alpha, p-p38, and p53 proteins upon CBD treatment 

in MDA-MB-231 cells. B Immunoblots and densitometry data of GADD45-alpha, p-p38, 

and p53 proteins upon CBD treatment in MDA-MB-468 cells. After ascertaining p-p38 

expression, we performed stripping and reprobed the same blot with β-actin antibody. C 
Immunostaining with GADD45α antibody. ***P < 0.001, **P < 0.01, *P < 0.05 were 

considered to be statistically significant
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Fig. 4. 
Effect of CBD on integrin-α5, integrin-β5, and integrin-β1 proteins in TNBC cells. A, B 
Immunoblots and densitometry data of integrin-α5, integrin-β5, and integrin-β1 proteins 

in TNBC cells. After ascertaining the Integrin β1 expression, we performed stripping and 

reprobed the same blot with Integrin α5 and Integrin β5 antibodies. C Immunoblots and 

densitometry data of integrin-α5, -β5, and -β1 proteins in MDA-MB-468 cells (3D). After 

investigating the Integrin β5 expression, we performed stripping and the same blot was 
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reprobed with Integrin β1 antibody. ***P < 0.001, **P < 0.01, *P < 0.05 were considered to 

be statistically significant
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Fig. 5. 
CBD decreased the migration of TNBC cells. A xCELLigence CIM-16 plate migration-

based assay in MDA-MB-231 cells exposed to CBD. B, C Immunoblots and densitometry 

data of fibronectin and vimentin proteins in TNBC cells. ***P < 0.001, **P < 0.01, *P < 

0.05 were considered to be statistically significant
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Fig. 6. 
Chemo-sensitization effects of CBD in TNBC cells. A, B Anti-cancer activity of Synthetic 

CBD (1 μM and 2.5 μM) and DOX combination in 2D cultures of TNBC cells. C, D 
Anti-cancer activity of Synthetic CBD (5 μM) and DOX combination in 3D cultures of 

TNBC cells. E xCelligence CIM-16 plate migration-based assay in MDA-MB-231 cells 

with CBD and DOX combination in MDA-MB-231 cells. F Immunoblots and densitometry 

data of caspase 9, LOX, and integrin-α5 proteins in CBD pre-treated MDA-MB-468 cells 

(24 h)and further treated with DOX treatment (2 days). After ascertaining LOX expression, 
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we performed stripping and reprobed the same blot with caspase 9 and β-actin antibodies. 

Statistical significance considerations: ***P < 0.001, **P < 0.01, and *P < 0.05 vs control; 
##P < 0.01 significant vs DOX (1 μM); $ $ $P < 0.001, $P < 0.05 vs CBD (1 μM)
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