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Abstract

Nearly 40,000 women die annually from breast cancer in the US. Clinically available targeted 

breast cancer therapy is largely ineffective in triple negative breast cancer (TNBC), characterized 

by tumors that lack expression of the estrogen receptor (ER), progesterone receptor (PR) and 

human epidermal growth factor receptor 2 (Her2). TNBC is associated with a poor prognosis. 

Previous reports show that aryl hydrocarbon receptor (AhR) partial agonist 2-(4-amino-3-

methylphenyl)-5-fluorobenzothiazole (5F 203) selectively inhibits the growth of breast cancer 

cells including those of the TNBC subtype. We previously demonstrated that 5F 203 induced the 

expression of putative tumor suppressor gene cytoglobin (CYGB) in breast cancer cells. In the 

current study, we determined that 5F 203 induces apoptosis and caspase 3 activation in MDA-

MB-468 TNBC cells and in T47D ER+ PR+ Her2− breast cancer cells. We also show that caspases 

and CYGB promote 5F 203-mediated apoptosis in MDA-MB-468 cells. 5F 203 induced lysosomal 

membrane permeabilization and cathepsin B release in MDA-MB-468 and in T47D cells. 

Additionally, silencing CYGB attenuated the ability of 5F 203 to induce caspase 3/7 activation, 

pro-apoptotic gene expression, lysosomal membrane permeabilization and cathepsin B release in 

MDA-MB-468 cells. Moreover, 5F 203 induced CYGB protein expression, pro-apoptotic protein 

expression and caspase 3 cleavage in MDA-MB-468 cells and in MDA-MB-468 xenograft tumors 

grown orthotopically in athymic mice. These data provide a basis for the development of AhR 

ligands with potential to restore CYGB expression as a novel strategy to treat TNBC.
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Introduction

Nearly 40,000 women die each year from breast cancer in the United States and one in eight 

women will receive a diagnosis in her lifetime. Despite advances in breast cancer treatment, 

it is still the second leading cause of cancer mortality in women. This death toll is due, in 

part, to aggressive triple negative breast cancer (TNBC) characterized by tumors that lack 

expression of the estrogen receptor, progesterone receptor and human epidermal growth 

factor receptor 2 (HER2). Recently approved poly (ADP-ribose) polymerase inhibitor 

olaparib primarily benefits TNBC patients with tumors that possess breast cancer type 1 

susceptibility protein (BRCA1) mutations [Tutt et al., 2010]. However, many patients with 

TNBC do not have tumors with BRCA1 mutations and are therefore less responsive to this 

targeted therapy. Consequently, most patients with TNBC receive chemotherapy, which is 

associated with severe side effects and recurrence risk.

Emerging data suggest that pharmacological restoration of tumor suppressor genes (TSGs), 

represents a novel therapeutic approach with potential to benefit TNBC patients [Baylin and 

Ohm, 2006]. In particular, cytoglobin (CYGB) has been shown to exhibit actions consistent 

with a tumor suppressor in breast cancer [Shivapurkar et al., 2008]. CYGB expression is 

absent in most breast tumor tissues but present in adjacent tissues and non-malignant breast 

epithelial cells [Gorr et al., 2011; Shivapurkar et al., 2008]. The absence of CYGB 

expression in tumor tissue appears to be primarily due to epigenetic silencing via promoter 

hypermethylation [Gorr et al., 2011].

We previously discovered that CYGB gene expression is restored when cells are treated with 

the aryl hydrocarbon receptor (AhR) partial agonist 2-(4-amino-3-methylphenyl)-5-

fluorobenzothiazole (5F 203) [McLean et al., 2015]. 5F 203 displays selective and potent 

anticancer activity in vitro, and its prodrug lysylamide derivative (Phortress) is readily 

bioconverted into 5F 203 to confer anticancer actions in vivo [Behrsing et al., 2013; Leong 

et al., 2003; Leong et al., 2004]. 5F 203 activates AhR signaling to induce DNA damage, 

cell cycle arrest, and promote apoptotic body formation in MDA-MB-468 cells [Bradshaw et 

al., 2002; McLean et al., 2015; Trapani et al., 2003]. Other AhR ligands, such as selective 

aryl hydrocarbon receptor modulators (SAhRMs) show promising anticancer actions in 

TNBC cells [Jin et al., 2014; O’Donnell et al., 2014; Romagnolo et al., 2015]. Additional 

studies are needed to fully elucidate the AhR-independent mechanisms of anticancer actions 

for such ligands.

TSGs confer their actions by regulating cell cycle arrest and apoptosis [Thangavel et al., 

2011; Zhou et al., 2010]. However, a comprehensive understanding of CYGB’s role in 

TNBC is lacking. We hypothesize that AhR ligands such as 5F 203 induce CYGB as part of 

their mechanism of cell death and anticancer action. Our data suggest CYGB promotes the 

ability of 5F 203 to induce TNBC cell death in vitro and in vivo.
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Materials & Methods

Cell Culture and Reagents.

MDA-MB-468 (ATCC cat# HTB-138, RRID: CVCL_0419) and T47D (ATCC cat# 

HTB-133, RRID:CVCL_0553) human breast cancer cells were obtained from the American 

Type Culture Collection (ATCC) and the Frederick National laboratory for Cancer Research 

Division of Cancer Treatment and Diagnosis Tumor Repository. The cells were cultured as 

previously described [McLean et al., 2015]. 2-(4-Amino-3-methylphenyl)-5-

fluorobenzothiazole (5F 203, NSC 703786) was obtained from the Frederick National 

Laboratory for Cancer Research as part of the NCI/DTP Open Chemical Repository (http://

dtp.cancer.gov, Frederick, MD). Stock solutions of 5F 203 (10 mM), Staurosporine (1 mM), 

z-VAD-fmk (100 mM, pan caspase inhibitor) and CH223191 (10 mM, AhR antagonist) were 

dissolved in dimethyl sulfoxide (DMSO) and stored at −20 °C until use. Phortress, a prodrug 

lysylamide derivative of 5F 203, was resynthesized in accordance to a previously described 

method [Hutchinson et al., 2002]. 5F 203 is water insoluble, which limits its usefulness in 

animal studies. In contrast, Phortress is a prodrug that is water soluble to enable in vivo 
administration. Phortress is readily cleaved by esterases in the body to liberate 5F 203. 

Antibodies for CYGB (Abnova Corporation Cat# H00114757-A01, RRID:AB_461584), 

BAK-1 (Cell Signaling Technology Cat# 3814S, RRID:AB_2290287), GADD45a (Cell 

Signaling Technology Cat# 4632S, RRID:AB_10544538), caspase 3 (Cell Signaling 

Technology Cat# 9662P, RRID:AB_10839261) and LTA (Abnova Corporation Cat# 

PAB8441, RRID:AB_1676074) were used. CH223191 and antibodies for β-actin were 

obtained from Sigma-Aldrich (St. Louis, MO).

Plasmid Transfection.

The CYGB cDNA clones were purchased from OriGene Technologies, Inc (Rockville, MD). 

MDA-MB-468 cells were transfected with CYGB cDNA using the Oligofectamine reagent 

in accordance with the manufacturer’s instruction. Empty vector cDNA served as a negative 

control. Stable clones were isolated after cells were transfected for 36 h and subjected to 

G418 (100ug/mL) media selection.

Lentiviral Transduction.

Lentiviral particles containing short hairpin RNAs (shRNAs) against CYGB or green 

fluorescent protein (GFP), which served as negative control (Sigma Aldrich), were used to 

create shCYGB MDA-MB-468 cells and shGFP MDA-MB-468 respectively as described 

previously [Davidson and Harper, 2005]. The shCYGB sequence corresponded with 5’-

CCGG-CCACAGTTGCTTTGAGCACAT-CTCGAG-ATGTGCTCAAAGCAACTGTGG-

TTTTTG-3’ (Sigma Aldrich). Cells were transduced with MOI of 5 with 8ug/mL of 

Hexadimethrine bromide (Sigma Aldrich). Stable clones were isolated once cells were 

subjected to puromycin (5 ug/mL) media selection.

Apoptosis determination.

The Annexin V/Propidium Iodide assay was used to detect apoptosis as previously described 

[McLean et al., 2008]. Briefly, T47D and MDA-MB-468 cells were treated with 5F 203 (1–
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1000 nM respectively) for 24 h. Transduced (shGFP vs shCYGB) and transfected (empty 

vector vs. CYGB) MDA-MB-468 cells were treated with medium containing 5F 203 or 

0.1% DMSO for 24 h. In some studies, MDA-MB-468 cells were pretreated for 1 h with z-

VAD-fmk (zVAD, 100 μM) or CH223191 (100nM) before treatment with 5F 203 for 12 h. 

Data were acquired using a MACSQuant® Analyzer 10 (Miltenyi Biotec Inc., Auburn, CA) 

and analyzed using FlowJo (v9.7.5, Tree Star, Inc., Ashland, OR).

Caspase activity assay.

T47D and MDA-MB-468 cells were treated with 0.1% DMSO or 5F 203 (1 μM, 12 h) 

before employing the caspase 3 activity as described [McLean et al., 2008]. Alternatively, 

MDA-MB-468 cells were incubated at 37 °C for 1 h with fluorescent-labeled caspase 

inhibitor FAM-VAD-FMK probes (FLICA reagent) for caspases-3 and 7 according to the 

manufacturer’s instructions (Immunochemistry Technologies, Bloomington, MN, USA). 

Data were acquired using a MACSQuant® Analyzer 10 and analyzed as stated above with 

the method to determine apoptosis.

Evaluation of Lysosomal Membrane Permeabilization.

The Acridine Orange (AO, ImmunoChemistry Technologies, Bloomington, MN) assay was 

used to determine lysosomal membrane permeabilization (LMP) as described previously 

[Almaguel et al., 2010]. Briefly, MDA-MB-468 cells, (including shGFP vs. shCYGB) and 

T47D cells were seeded at 4 × 105 cells/well in 6-well culture plates and incubated overnight 

before treatment with 0.1% DMSO or 5F 203 for 24 h. The cells were washed with cold 

PBS and exposed to medium containing 5 μM AO and counterstained with 5 μM Hoechst 

33342. The cells were incubated for 30 min at 37°C. Cell images were captured with an 

Olympus IX-71 microscope with fluorescence imaging or a fluorescence microscope 

equipped with an EVOS cell imaging system (Invitrogen, USA).

Cathepsin B Release Determination.

The fluorogenic substrate-based assay, Magic Red (Immunochemistry Technologies, 

Bloomington, MN), was used to detect Capthesin B release as described previously 

[Almaguel et al., 2010]. Briefly, T47D and MDA-MB-468 cells (including shGFP vs. 

shCYBG) were treated with 0.1% DMSO or 5F 203 for 24 h. Cells were exposed to 

cathepsin B substrate MR-(RR)2 for 45 min, rinsed twice with cold PBS, and counterstained 

with Hoechst 33342 to detect nuclear morphology before images were captured as described 

above to determine lysosomal membrane permeabilization.

Immunoblotting.

MDA-MB-468 cells were seeded at 1–3 × 106 per plate (100 mm) 24 h before cells were 

treated with medium containing 1 μM 5F 203 or 0.1% DMSO for 72h. Following treatment, 

cells were harvested and Western blotting performed as described [McLean et al., 2015]. 

Briefly, proteins were resolved on 4–12% SDS-polyacrylamide gels and transferred to 

nitrocellulose membranes. The membranes were blocked before overnight incubation at 4 °C 

in 5% BSA-based buffer with mouse primary antibodies against CYGB (1:200 dilution), 

LTA (1:1000), and rabbit primary antibodies against BAK-1 (1:1000), GADD45A (1:1000) 
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and Caspase 3 (1:1000). Membranes were incubated with the appropriate HRP-conjugated 

secondary antibodies (Cell Signaling Technology, Danvers MA or Santa Cruz 

Biotechnology, Santa Cruz, CA) for 1 h at the appropriate dilution before imaging.

Apoptosis RT2 Profiler PCR Array.

MDA-MB-468 cells were treated with 100 nM 5F 203 for 24 h before RNA was extracted. 

Extracts were analyzed using the apoptosis RT2 Profiler ® PCR Array (PAHS-012Z, 

Qiagen, USA) according to the manufacture’s instructions (SA Biosciences, Frederick, MD, 

USA) as previously described [McLean et al., 2015].

Real-Time Quantitative RT-PCR (qPCR) Analysis.

RNA was extracted from breast cancer cells following specified treatments and cDNA 

synthesis performed according to the manufacturer’s instructions and in accordance to a 

method previously described [McLean et al., 2015]. The primers for the GAPDH, CYGB, 

LTA, BAK1, and GADD45A genes were obtained from SA Biosciences (Frederick, MD). 

Relative fold changes in gene expression were calculated using the 2−ΔΔC
T method.

Colony Formation and Wound Healing Assays.

MDA-MB-468 cells transfected to overexpress CYGB or empty vector were plated at a 

density of 200 cells per well in a 6 well plate and allowed to grow for 2 weeks before the 

cells were stained with Crystal Violet and colonies counted manually. For the Wound 

healing assay, MDA-MB-468 cells (including shGFP vs shCYGB) were plated in 24-well 

plates at a density of 200,000 cells/ well, and allowed to recover overnight, before a wound 

was made using a 10 μl pipet tip. The cells were then treated with 0.1% DMSO or 100 nM 

5F 203 for 24 h. Images were captured on an Olympus IX-71 microscope and quantified 

using SPOT software (Diagnostic Instruments, Inc.).

In vivo study.

Five to six week old female athymic nude mice (CRL: NU(NCr)-Foxn1nu, Charles River, 

strain 490) were obtained from Charles Rivers Laboratory (San Diego, CA) and housed 

under pathogen-free conditions. Animals were fed an autoclaved laboratory rodent diet and 

allowed to acclimatize for two weeks before any experiments were initiated. The 

Institutional Animal Care and Use Committee (IACUC) at Loma Linda University Health 

approved the animal studies which were carried out in Loma Linda’s AALAC-accredited 

Animal Care Facility in specially assigned rooms for the immunodeficient athymic mice 

(protocol #8130059). All procedures were performed in compliance with principles and 

procedures outlined in the National Institutes of Health Guide for the Care and Use of 

Animals under Assurance number A3873–1. MDA-MB-468 cells (5×106) were placed in a 

suspension 50/50 ratio (100 μL: 100 μL) of Corning® Matrigel® Matrix (Corning, NY) and 

injected orthotopically into the right mammary fat pad of mice under isoflurane anesthesia. 

Once tumors in mice were palpable (~50 mm3), they were measured twice a week with a 

digital caliper in two planes (length and width) for the remaining weeks of the study. Tumor 

volume was calculated using the formula: (length × width2)/2. For animal dosing, Phortress 

was prepared in phosphate buffered saline (PBS) solution. Each experiment contained a 
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control group (n = 11) treated with PBS in parallel with a Phortress-treated group (n = 11). 

Once tumors reached an average size of 150 mm3, the animals received intraperitoneal (i.p.) 

injections of either the vehicle (saline) or Phortress (15mg/kg) administered using a Q2D X 

3 schedule followed by a 10 d rest period for a total of 3 cycles. To alleviate symptoms of 

toxicity, animals received Phortress (7.5mg/kg) for the last two cycles. The animals were 

sacrificed using CO2 inhalation and tumors excised 24 h after the final dose.

Tumor protein extraction and immunoblotting.

For protein analysis, MDA-MB-468 xenograft tumors were immediately snap frozen after 

excision and stored in liquid nitrogen. Frozen tumors were lysed using a spring scissors in 

Lysis Buffer and protein concentration was determined using the DC protein assay kit 

according to the manufacturer’s instructions (Bio-Rad, Hercules, CA). Proteins were 

resolved and imaged as described above for MDA-MB-468 cells.

Statistical Analysis.

Data are reported as mean ± SEM. Statistical significance was assessed using either the one-

way ANOVA with Tukey’s test or the Tukey-Kramer multiple comparison test when using 

three or more groups. To compare two groups, an unpaired Student’s t test with Welch’s 

correction was used. Statistical analysis was performed using GraphPad Instat 3.0. 

Differences were considered significant at p < 0.05.

Results

CYGB and caspases promote 5F 203-mediated apoptosis in TNBC cells.

AhR represents a potential drug target for TNBC [Gilbert et al., 2018; Safe et al., 2017]. We 

previously demonstrated that 5F 203 induces CYGB mRNA expression and promotes 

apoptotic body formation in MDA-MB-468 cells [McLean et al., 2015]. CYGB has been 

found to stabilize p53, a major player in a broad range of cellular processes such as cell 

cycle arrest and cell death [Aubrey et al., 2017; John et al., 2014]. We show that 5F 203 

promotes dose-dependent increases in apoptosis in T47D and MDA-MB-468 cells, as 

evidenced by an increase in cells that stain positive for Annexin V (Figure 1A). 5F 203 (1 

μM, 12 and 24h) also promoted caspase 3 activation in these cells (Figure 1B,D). Next, we 

created cells to stably overexpress or knockdown CYGB to more clearly delineate the role of 

CYGB in 5F 203-mediated apoptosis and caspase activation. We found that knockdown of 

CYGB substantially impaired the ability of 5F 203 to induce CYGB expression. (Figure 

1C). Our data reveal that CYGB knockdown diminishes 5F 203-mediated apoptosis and 

caspase 3/7 activation (Figure 1E). Enforced expression of CYGB in MDA-MB-468 cells 

promoted both apoptosis and caspase 3/7 activation (Figure 1F). Although 5F 203 was 

unable to further increase apoptosis in cells enforced to overexpress CYGB, it significantly 

enhanced caspase 3/7 activation (Figure 1G).

We previously demonstrated that AhR antagonist α-naphthoflavone decreased the ability of 

5F 203 to increase apoptotic body formation and induce CYGB expression in MDA-

MB-468 cells [McLean et al., 2015]. In the current study, we used the potent and specific 

AhR antagonist CH223191 to confirm that AhR mediates the ability of 5F 203 to induce 
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apoptosis in MDA-MB-468 cells. Our data show that CH223191 significantly diminished 5F 

203-mediated apoptosis in MDA-MB-468 cells, to suggest that 5F 203 relies at least 

partially on its ability to activate AhR signaling to confer cell death (Figure 2A).

To further identify the role of CYGB in 5F 203-mediated apoptosis induction, we analyzed 

the expression of three pro-apoptotic genes following treatment in shCYGB and shGFP 

MDA-MB-468 cells. These genes include: Bcl-2 homologous antagonist killer (BAK-1), 

which promotes apoptosis and counteracts protection from apoptosis provided by Bcl-2 

[Chittenden et al., 1995]; Growth arrest and DNA-damage-inducible protein alpha 

(GADD45a), which contributes to p53 activation via p38 [Salvador et al., 2013]; and 

Lymphotoxin-alpha (LTA), which induces tumor necrosis factor receptor 1 (TNFR1)-

dependent apoptosis and necroptosis [Etemadi et al., 2013]. These genes were identified in 

an apoptosis regulatory gene PCR array as induced more than 3-fold following 5F 203 

treatment (Table 1) and their expression verified using quantitative real-time PCR (Figure 

2B). We found an attenuation in 5F 203-induced expression of pro-apoptotic BAK-1 and 

LTA in shCYGB cells relative to shGFP cells (Figure 2C). Taken together, our data show 

that AhR signaling activation and CYGB promote 5F 203-induced apoptosis, caspase 3/7 

activation and BAK-1 and LTA mRNA expression in MDA-MB-468 cells.

Next, we sought to determine whether 5F 203-mediated cell death was caspase-dependent. 

We treated MDA-MB-468 cells with 0.1% DMSO (negative control), Staurosporine (STS, 

positive control) and 5F 203 for 12 h in the presence or absence of z-VAD. Our data show 

that z-VAD pretreatment caused a statistically significant decrease in the ability of 5F 203 to 

induce apoptosis in these cells. These data reveal that caspases promote 5F 203-mediated 

cell death (Figure 2D). Our data show that the inhibition was not complete, suggesting that 

5F 203 also induces caspase-independent cell death.

CYGB promotes lysosomal membrane permeabilization and cathepsin B release in breast 
cancer cells treated with 5F 203.

Organelles such as lysosomes are involved in mediating cell death. Lysosomal membrane 

permeabilization (LMP) promotes the selective liberation of cathepsins such as cathepsin B 

into the cytoplasm triggering both caspase-dependent and caspase-independent cell death 

pathways [Serrano-Puebla and Boya, 2016]. Additionally, LMP has been found to depend, at 

least in part, on AhR signaling activation [Caruso et al., 2006; Johansson et al., 2010]. We 

used acridine orange and magic red assays to measure LMP and cathepsin B release 

respectively. We found that 5F 203 treatment caused LMP, as evidenced by a reduction in 

intact, punctate red lysosomes in MDA-MB-468 cells and to a lesser extent in T47D cells 

(Figure 3A). In addition, 5F 203 promoted cathepsin B release, characterized by diffuse red 

fluorescent dye staining (Figure 3B). Our data also show that 5F 203-mediated LMP and 

cathepsin B release were attenuated in shCYGB MDA-MB-468 cells relative to shGFP 

MDA-MB-468 cells (Figure 3C,D). This suggests CYGB promotes 5F 203-mediated LMP 

and cathepsin B release in MDA-MB-468 cells.
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5F 203 promotes anticancer activity, induces CYGB expression, and alters pro-apoptotic 
protein expression in vitro and in vivo.

To determine whether CYGB decreases proliferation of MDA-MB-468 cells, empty vector 

and CYGB over-expressing MDA-MB-468 cells were subjected to a colony forming assay. 

We found that CYGB overexpressing cells resulted in substantially fewer colonies as 

compared to empty vector and non-transfected cells (Figure 4A). This corroborates findings 

in a previous study involving cancer cells enforced to express CYGB [Shivapurkar et al., 

2008]. We performed a wound healing assay to determine whether CYGB impacts the 

ability of 5F 203 to decrease cell migration. Our data showed that silencing CYGB 

attenuated 5F 203-mediated inhibition of wound healing (Figure 4B) to suggest CYGB 

contributes to the ability of 5F 203 to suppress cancer cell migration, which precedes cancer 

cell invasion and metastases.

We previously found that 5F 203 induced CYGB gene expression in a panel of cells 

[McLean et al., 2015] and in the current study we found 5F 203 induced CYGB protein 

expression (Figure 4C). In addition, 5F 203 induced the expression of pro-apoptotic proteins 

BAK-1, GADD45a and LTA, in agreement with the induced gene expression observed in 

Figure 2B. Caspase 3 cleavage was also detected in MDA-MB-468 cells exposed to 5F 203 

(Figure 4 C,D). CYGB silencing diminished the ability of 5F 203 to induce the expression of 

GADD45a and LTA as well as caspase cleavage but not BAK-1 to suggest 5F 203-mediated 

induction of BAK-1 protein expression does not rely on CYGB.

To investigate the impact of 5F 203 on in vivo cell growth, we treated athymic mice bearing 

MDA-MB-468 xenografts with Phortress, the prodrug formulation of 5F 203, synthesized as 

previously described to improve water solubility [Leong et al., 2003]. Phortress caused a 

40% reduction (DMSO= 348.7±79.7, Phortress= 202.7±24.9) in tumor volume and a 

significant reduction in tumor weight (Figure 5 A,B). To determine whether inhibition of 

tumor growth was associated with induced CYGB expression, tumors were lysed and 

subjected to immunoblotting to measure CYGB protein expression. Phortress increased 

CYGB protein expression in tumors (Figure 5 C,D). Additionally, Phortress increased the 

expression of BAK-1 and GADD45A as well as promoted caspase 3 cleavage in MDA-

MB-468 xenograft tumors (Figure 5 C,D).

Discussion

It is crucial to develop agents with the capacity to effectively treat TNBC since clinical 

outcomes for patients with this malignancy are dismal. Indeed, AhR has been proposed as a 

potential target for TNBC and the data from our studies suggest CYGB represents another 

plausible target. We found that AhR ligand 5F 203 induced the expression of CYGB in vitro 
and to a lesser extent in vivo. We also showed that CYGB promoted 5F 203-mediated TNBC 

cell death, while promoting lysosomal instability, cathepsin B release and suppressing 

TNBC cell migration.

We previously demonstrated that 5F 203 induces AhR-dependent CYGB expression 

[McLean et al., 2015]. 5F 203 induced CYGB in the highly AhR-responsive MDA-MB-468 

cells but not the far less AhR-responsive MDA-MB-231 cells [McLean et al., 2015]. Others 
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have demonstrated the potential for small molecules to activate AhR signaling as a strategy 

to treat breast cancer [Gilbert et al., 2018; Jang et al., 2017; Safe et al., 2017]. More 

specifically, SAhRMs have been suggested as potential agents to treat TNBC since TNBC 

tumors exhibit higher AhR expression compared to luminal (ER+) and HER-2+ breast 

tumors [Romagnolo et al., 2015]. We and others have shown that certain AhR ligands induce 

apoptosis in TNBC cells [Brinkman et al., 2014; Jin et al., 2012; McLean et al., 2008; 

McLean et al., 2015; Narasimhan et al., 2018; Powell et al., 2013; Stark et al., 2013; Wang et 

al., 1997; Wang et al., 2017; Zhang et al., 2009].

Apoptosis is a complex and highly regulated process of cell death that is essential for tissue 

homeostasis [Hassan et al., 2014]. Many cancers, including breast cancer, support their 

survival by deregulating apoptosis induced by therapies, which makes it paramount to 

understand the mechanism(s) used to evade cell death [Deshmukh et al., 2017; Hanahan and 

Weinberg, 2011]. In this study, we observed that silencing CYGB reduced 5F 203-mediated 

apoptosis, caspase 3/7 activation, lysosomal membrane permeabilization, and cathepsin B 

release. Therefore, 5F 203’s ability to “reactivate” CYGB appears to aid in its ability to 

promote TNBC cell death.

We found that 5F 203 suppressed TNBC cell migration to suggest that it has the capacity to 

arrest the progression of TNBC. 5F 203 was less able to suppress TNBC migration in 

shCYGB cells as compared to shGFP cells (Figure 4B). In contrast we found that 5F 203 

mediated suppression of TNBC cell proliferation persisted despite shCYBG knockdown 

(data not shown). Our data also indicated that while Phortress induced CYGB expression in 
vivo, this agent induced the expression of pro-apoptotic proteins BAK1 and GADD45a to a 

much greater extent (Figure 5C,D). This suggests that CYGB plays a pivotal role in TNBC 

migration and TNBC cell death, but not in 5F 203-mediated antiproliferative activity in vitro 
and in vivo.

The silencing of CYGB by methylation has been reported in a variety of malignancies 

[Shivapurkar et al., 2008]. Furthermore, higher levels of CYGB methylation correlate with 

more aggressive breast cancers, including TNBC [Zhang et al., 2015]. Additionally CYGB 

stabilizes p53, a key cellular DNA damage signal factor [John et al., 2014]. CYGB reduces 

p53 ubiquitination, which increases its half-life three-fold. The silencing of CYGB appears 

to enable cancer cells to evade cell death and progress through the cell cycle.

In conclusion, our study suggests CYGB aids in promoting cell death and migration once 

AhR signaling activation occurs. CYGB reactivation represents a potential therapeutic 

approach for TNBC. Our study provides a rationale for future investigations examining AhR 

ligand-mediated upregulation of CYGB to treat not only TNBC but other aggressive 

malignancies.
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Figure 1. CYGB contributes to 5F 203-mediated caspase activation and apoptosis induction.
(A) Determination of apoptosis via the Annexin V/PI assay in T47D and MDA-MB-468 

cells exposed to media containing 0.1% DMSO or 5F 203 (1–1000 nM) for 24 h. (B) 

Caspase activity evaluation in T47D and MDA-MB-468 cells treated with media containing 

0.1% DMSO or 5F 203 (1μM). (C) Immunoblot verification of enforced CYGB expression 

in MDA-MB-468 cells as well as CYGB expression in shCYGB and shGFP MDA-MB-468 

cells following treatment with 5F 203. (D) Apoptosis and caspase activity determination in 

MDA-MB-468 cells following treatment with 5F 203. (E) Apoptosis and caspase activity 

determination in shCYGB or shGFP MDA-MB-468 cells following treatment with 0.1% 

DMSO or 100 nM 5F 203. (F-G) Apoptosis and caspase activity determination in MDA-

MB-468 cells stably transfected to overexpress CYGB vs. empty vector without treatment 

(F) or with 5F 203 treatment (G). Bars, SEM. Statistically significant in comparison to 

control or where indicated as designated * P < 0.05, **P < 0.01 or ***P < 0.001.
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Figure 2. 5F 203 promotes AhR-, CYGB- and caspase-dependent cell death.
(A) Apoptosis evaluation (fold increase in early apoptosis) in cells exposed to 0.1% DMSO 

(negative control), AhR antagonist CH223191 (100 nM), 5F 203 (1μM) or 5F 203 for 12 h 

in the presence or absence of 1 h CH223191 pretreatment. (B) CYGB, BAK-1, GADD45A 

and LTA mRNA expression following treatment with 5F 203 (24h) in MDA-MB-468 cells. 

(C) CYGB, BAK-1, GADD45A and LTA mRNA expression following 5F 203 (100 nM, 

24h) treatment in shCYGB or shGFP cells. (D) Apoptosis evaluation in cells exposed to 

0.1% DMSO (negative control), Staurosporine (STS, positive control), or 5F 203 (100 nM, 

12 h) in the presence or absence of pretreatment with z-VAD-fmk (ZVAD, pan caspase 

inhibitor) for 1h. Bars, SEM. Statistically significant in comparison to control (DMSO) or 

where indicated as designated **P < 0.01 or ***P < 0.001.
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Figure 3. 5F 203 induces CYGB-dependent lysosomal membrane permeabilization and cathepsin 
B release
(A,B) T47D and MDA-MB-468 cells following treatment with 0.1% DMSO (CTL) or 5F 

203 (1μM for T47D cells and 100 nM for MDA-MB-468 cells) for 24 h followed by analysis 

using Acridine Orange or the Magic Red assays to measure LMP and cathepsin B release 

respectively. (C,D) shCYGB and shGFP MDA-MB-468 cells evaluated for LMP and 

cathepsin B release respectively following 5F 203 treatment. Scale bar = 50 μm.
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Figure 4. 5F 203 confers anticancer activity, induces CYGB and pro-apoptotic protein expression 
and produces caspase 3 cleavage in vitro.
(A) Colony formation analysis in MDA-MB-468 cells untransfected, transfected with empty 

vector or transfected to overexpress CYGB. Lower panel: quantification of colony numbers. 

(B) Assessment of migration in untransfected, shGFP and shCYGB MDA-MB-468 cells 

following 5F 203 treatment. Lower panel: wound closure, normalized to control. (C,D) 

Determination of CYGB, BAK-1, LTA and GADD45A protein expression as well as caspase 

3 cleavage in untransfected, shGFP and shCYGB MDA-MB-468 cells following treatment 

with 5F 203 (1 μM, 72h). Scale bar = 100 μm. Bars, SEM. Statistically significant where 

indicated as designated * P< 0.05, **P < 0.01 or ***P < 0.001.
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Figure 5. 5F 203 confers anticancer activity, induces CYGB and pro-apoptotic protein expression 
and produces caspase 3 cleavage in vivo.
(A,B) Effect of Phortress on tumor growth (as measured in tumor volume, N =11 and tumor 

mass, N = 9) for 3 cycles of 3 doses every other day (Q2D X 3) followed by a 10 d rest 

period as determined in Materials and Methods. (C,D) CYGB, BAK-1, and GADD45A 

protein expression as well as caspase 3 cleavage determination in tumor xenografts. N = 6. 

Bars, SEM. Statistically significant where indicated as designated * P< 0.05, **P < 0.01 or 

***P < 0.001.
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Table 1.

5F 203-mediated induction of genes that promote apoptosis in MDA-MB-468 cells

Symbol Description Function Fold change

BAK-1 BCL2-antagonist/killer 1 Accelerates programmed cell death by binding to and antagonizing 
the anti-apoptotic action of BCL2 or its adenovirus homolog E18 
19k protein.

3.9

LTA Lymphotoxin alpha (TNF superfamily, 
member 1)

Lymphotoxin is produced by lymphocytes and cytotoxic for a wide 
range of tumor cells in vitro and in vivo.

5.5

GADD45a Growth arrest and DNA damage-
inducible alpha

Binds to proliferating cell nuclear antigen 3.5

Cells were exposed to 5F 203 (100 nM, 24h) before genes that regulate apoptosis were profiled using the RT2 Profiler PCR array as described 
previously (McLean et al., 2015). Only genes induced greater than 3-fold are reported. Data represent the mean of two independent experiments 
performed in triplicate and are statistically significant at p < 0.05.
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