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ABSTRACT  

Therapy for treatment-resistant breast cancer provides limited options and the response 

rates are low. Therefore, the development of therapies with alternative chemotherapeutic 

strategies is necessary. 5-[(4-Methylphenyl)thio]-9H-pyrimido[4,5-b]indole-2,4-diamine 

(AG311), a small molecule, is being investigated in preclinical and mechanistic studies 

for treatment of resistant breast cancer through necrosis, an alternative cell death 

mechanism.  In vitro, AG311 induces rapid necrosis in numerous cancer cell lines as 

evidenced by loss of membrane integrity, ATP depletion, HMGB1 translocation, nuclear 

swelling, and stable membrane blebbing in breast cancer cells. Within minutes, 

exposure to AG311 also results in mitochondrial depolarization, superoxide production 

and increased intracellular calcium levels. Additionally, upregulation of mitochondrial 

oxidative phosphorylation results in sensitization to AG311. This AG311-induced cell 

death can be partially prevented by treatment with the mitochondrial calcium uniporter 

inhibitor, Ru360, or an antioxidant, lipoic acid. Additionally, AG311 does not increase 

apoptotic markers such as cleavage of poly (ADP-ribose) polymerase (PARP) or 

caspase 3 and 7 activity.  Importantly, in vivo studies in two orthotopic breast cancer 

mouse models (xenograft and allograft) demonstrate that AG311 retards tumor growth 

and reduces lung metastases better than clinically used agents; and has no gross or 

histopathological toxicity. Together, these data suggest that AG311 is a first-in-class 

antitumor and antimetastatic agent inducing necrosis in breast cancer tumors, likely 

through the mitochondria. 
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INTRODUCTION 
 

Cancer is a highly heterogeneous disorder that requires an arsenal of treatments 

- surgery, radiation, and drugs acting through different mechanisms - to affect a 

successful therapeutic outcome. In spite of over 100 new anticancer agents having been 

added over the past 20 years in the United States, overall survival rates have only 

improved in a few cancers and largely because of earlier and better detection (American 

Cancer Society, 2011). The newer “targeted” agents such as receptor tyrosine kinase 

inhibitors (TKIs) have fewer side effects than traditional cytotoxic agents, but still have 

several limitations. Many of these agents are cytostatic, their effect is reversible and 

importantly, resistance builds rapidly in the form of mutations in the drug target or 

downstream signaling molecules (Ohashi et al., 2013). It is estimated that 80% of tumors 

become resistant to drug therapy (Clarke et al., 2001). Development of resistance to 

apoptosis during cancer progression is a hallmark of cancer (Hanahan and Weinberg, 

2011). Since apoptosis is the primary death pathway of many chemotherapeutic agents, 

alternative cell death mechanisms such as necrosis can prove beneficial to circumvent 

chemoresistance (Olofsson et al., 2007; de Bruin and Medema, 2008). Current 

examples of approved anti-cancer therapies that induce necrosis include photodynamic 

therapy and alkylating agents (Zong et al., 2004; Yoo and Ha, 2012). In addition, other 

agents triggering necrosis are being preclinically evaluated for anti-cancer activity, for 

example β-lapachone, apoptolidin, and honokiol (Ricci and Zong, 2006). The role of 

mitochondria in apoptotic cell death is well characterized, but more recently a new link 

between mitochondrial dysfunction and necrosis has been established (Hamahata et al., 

2005; Choi et al., 2009; Kinnally et al., 2011).  Features of drug-induced 

mitochondrial dysfunction include the opening of the membrane permeability transition 

pore and oxidative stress. Mitochondrial inhibitors such as metformin have shown clinical 

anticancer efficacy in preclinical animal models and diabetic patients. (Whitaker-
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Menezes et al., 2011). 

In this work, we begin to characterize the cell death mechanisms and describe 

the anti-tumor and antimetastatic activity of a small molecule, AG311, in treatment-

resistant breast cancer. TNBC (triple-negative breast cancer) and BLBC (basal-like 

breast cancer) are resistant to chemotherapy, inherently aggressive, metastatic, and 

have a poor prognosis. TNBC lacks EGFR-2 (Her2/NEU), a key target for TKI therapy, 

and hormone receptors (estrogen receptor and progesterone), targets for anti-hormone 

therapy. TNBC/BLBC also metastasize to lung, brain, and bone and like most tumors, 

once metastasized, are refractory to treatment (Yuan et al., 2014). We report that 

TNBC/BLBC cells are sensitive to AG311 in culture and in vivo while noncancerous cells 

are relatively resistant. Further, unlike most other small molecules, AG311 induces rapid 

membrane permeabilization and mitochondrial dysfunction and shows multiple 

characteristics of necrotic cancer cell death in culture. Most importantly, AG311 is more 

efficacious in vivo than current therapies in a BLBC orthotopic xenograft and a TNBC 

orthotopic allograft lung metastasis model.  
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MATERIALS AND METHODS 

 

Cell culture 

Cancer cell lines were purchased from American Type Culture Collection (Manassas, 

VA), except MDA-MB-435, which was a kind gift of Dr. Janet Price at MD Anderson 

Cancer Center in the mid-1990s and shown to be free of M14 melanoma cross-

contamination (Chambers, 2009). All cells, with the exception of HUVEC, were 

maintained in Dulbecco’s Modified Eagles Medium (DMEM) (Thermo Fisher Scientific, 

Waltham, MA) with 10% Cosmic Calf Serum (CCS) (HyClone, Logan, UT) and added 

glutamine/pyruvate (HyClone) at 37°C with 5% CO2. HUVECs were cultured in Media-

199 with 10% CCS and added glutamine/pyruvate. For galactose studies, cells were 

cultured for five days in glucose-free DMEM (Life Technologies, Carlsbad, CA) 

supplemented with 10 mM galactose or 25 mM glucose before treatment. For spheroids, 

MDA-MB-435 cells were plated at 15,000 cells/well on 1% agarose. Cells formed 

clusters overnight and were cultured for 12 days to form spheroids with one-half of the 

media replaced daily.  

 

Compound 

AG311 was designed and synthesized by A. Gangjee et al (Gangjee et al., 2010). 

 

Viability assay 

Cells were seeded in 96-well plates (#3904 Corning, New York, NY) at 5 x 103 cells/well 

and allowed to attach overnight. MDA-MB-435 cells were pretreated with 5 µM or 7.5 µM 

BAPTA-AM (EMD Milllipore, Billerica, MA), 1, 7.5, or 15 µM Ru360 (EMD Milllipore), 200 

µM lipoic acid (LA) (Sigma-Aldrich, St. Louis, MO), or 1 µM cyclosporine A (CsA) (Enzo 

Life Sciences, Farmingdale, NY) in Opti-MEM (Life Technologies) for 30 minutes before 
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addition of AG311 (50 mM DMSO stock diluted in Opti-MEM).  After 4 hours of treatment 

with AG311, 10% serum was added and cells incubated for an additional 44 hours 

unless otherwise indicated. To assess viability, PrestoBlue (Life Technologies) was 

added as per manufacturer’s protocol and read on a microplate reader (BioTek, 

Winooski, VT). IC50 values were determined by nonlinear regression analysis in Prism 

6.0 software (GraphPad, San Diego, CA).  

 

Membrane permeability  

SYTOX Green (Life Technologies) (0.5 µM in Opti-MEM) was added to MBA-MD-435 

cells (5 x 103/well) 10 minutes prior to drug treatment or pretreatment with Ru360 (30 

min). Dye uptake was measured on a microplate reader (485/530nm) every 15 minutes 

for 3 hours. For the 24-hour membrane permeability time course, cells were incubated 

with SYTOX Green (Life Technologies) and Hoechst 33342 (Life Technologies) for 10 

minutes before addition of AG311. Images were acquired throughout at different 

intervals using Operetta High Content Imaging System (Perkin Elmer, Waltham, MA). 

Uptake of SYTOX (green) represents all the permeabilized cells and Hoechst 33342 

(blue) stained cells represent the total number of cells (live and dead) in the field. The 

percentage of green to blue stained cells was graphed. Cells were also treated with 

AG311 in HBSS with or without calcium in the presence of SYTOX Green and imaged 

every minute by JuLi Smart Fluorescent Imager (BulldogBio, Portsmouth, NH) (25x, 

466/535nm).  

 

The effect of AG311 on MDA-MB-435 cells and HDF cells in a mixed culture system. 

The MDA-MB-435 and HDF cells were incubated with Cell Tracker Red (1 µM) or Cell 

Tracker Green (2 µM) (Life Technologies), respectively, for 30 min in serum-free media 

at 37ºC. Cells were washed once in PBS and cultured at equal ratio of 3000 red MDA-
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MB-435 and 3000 green HDF cells overnight. The media was replaced with SYTOX blue 

(Life Technologies) diluted in Opti-MEM and cells treated with AG311. Images were 

acquired every 5 min with 10x objective using Operetta High Content Imaging System 

(Perkin Elmer).  

 

Cellular ATP content measurement 

Cells were treated with AG311 and ATP levels were measured using ATP Detection 

Assay Kit (ab113849, Abcam, Cambridge, MA) according to manufacturer’s instructions 

The data was normalized to ATP content of untreated cells.  

 

Lactate dehydrogenase release 

Lactate dehydrogenase release (LDH) release from cells after drug treatment was 

measured with LDH Cytotoxicity Assay Kit (Cayman Chemical, Ann Arbor, MI) per 

manufacturer’s protocol. 

 

Apoptosis assessment 

MDA-MB-435 cells were treated with AG311 or 1 µM staurosporine (STS) (Enzo Life 

Sciences). Immunoblotting was performed as described (Kamat et al., 2007) using the 

following antibodies: cleaved PARP (#9541, Cell Signaling, Danvers, MA) or β-actin 

(#4970, Cell Signaling, 1:1000) and anti-rabbit HRP (#7074, Cell Signaling, 1:2000). 

Membranes were imaged using FluorChem-HD2 imaging system (ProteinSimple, Santa 

Clara, CA). AG311-induced caspase 3 and 7 activities were measured with caspase-Glo 

3/7 assay kit (Promega, Madison, WI) per manufacturer’s instructions, and luminescence 

read with a BioTek microplate reader.   

 

Live cell imaging  
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SYTOX Green (Life Technologies), DiBAC4(3) (Life Technologies), 

tetramethylrhodamine methyl ester (TMRM) (Biotium, Hayward, CA), MitoSOX (Life 

Technologies),  MitoTracker Green (Life Technologies) (DMSO) were diluted to 1 µM, 5 

µM, 10 nM, 2.5 µM, and 200 nM in Opti-MEM, respectively. Propidium iodide (PI) 

(Sigma) (in water) was diluted to 7.5 µM in Opti-MEM. Cells were incubated with SYTOX 

Green, MitoSOX, PI for 15 minutes; TMRM and DiBAC4(3) for 30 minutes; or 

MitoTracker Green for 45 minutes. MitoSOX and MitoTracker Green dyes were replaced 

with Opti-MEM after incubation. Color and brightfield images were acquired 

simultaneously every minute using a Nikon TE2000-E inverted epifluorescence 

microscope (20x or 40x) equipped with a temperature control and CO2 chamber 

(37°C/5% CO2). Images were processed with MetaMorph software (Sunnyvale, CA). 

 

Intracellular calcium  

MDA-MB-435 cells (180,000 cells per well of 6-well plate) were loaded with Fluo-4 Direct 

(Life Technologies) and 2.5 mM probenecid (Life Technologies) added to improve 

cellular retention. Cells were treated with AG311 in the presence of 7.5 µM PI with 

images acquired every minute at 40x (490/555nm). 

 

HMGB1 translocation 

MDA-MB-435 (2.8x104) cells were treated with AG311 and immunostained with anti-

HMGB1 (1:100) (#3935, Cell Signaling) and anti-rabbit Alexa-Fluor-488 (1:500) (Life 

Technologies) as previously described (Dandajena et al., 2012). Additionally, 

immunoblotting was performed for HMGB1 as described above for cleaved PARP. For 

this, MDA-MB-435 cells were treated with AG311 (25 µM) for 30 and 60 min or solvent 

control. The cytosolic cell lysates were collected with Nuclear Extraction kit (Affymetrix 

Panomics, Santa Clara, CA) as per manufacture’s protocol. Immunoblots were 
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incubated with HMGB1 (1:1000) overnight. Levels of vinculin (Sigma) (1:4000) were 

used as the loading control. Densitometry was performed for both HMGB1 and vinculin 

using Image Lab software V5.2.1 (BioRad , Hercules, CA). The values are represented 

as the ratio of HMGB1 to vinculin levels.  

 

Mitochondrial membrane potential  

MDA-MB-435 cells (suspension or 5x104 per well of 96-well plate) were incubated (30 

min) with TMRM (10 nM) in Opti-MEM and fluorescence readings acquired continuously 

for 20 minutes using FL-2 filter (EX 585/20nm) with Accuri C6 (BD Biosciences). After 5 

minutes, AG311 or solvent control was added to the cell suspension. Fluorescence 

intensities were also measured using a microplate reader. Additionally, cells were 

treated with AG311 for different durations (0 – 240 min) or treated with solvent control 

(0.2% DMSO). Cells were then incubated in suspension with JC-1 (Cayman, Ann Arbor, 

MI; 5 µM) in Opti-MEM for 30 min, washed twice, and immediately measured with FACS 

Calibur (BD Biosciences) at 488 and 633nm. 

 

Superoxide measurement 

MDA-MB-435 cells (5 x 103 cells per well of 96-well plate) were loaded with MitoSOX 2.5 

µM in Opti-MEM for 15 min and solution replaced with AG311 or solvent control (0.2% 

DMSO) in Opti-MEM and fluorescence intensities were measured with a BioTek plate 

reader (EX530 nm/EM590 nm).  

 

Cell exclusion zone assay 

4T1-luc2-GFP cells (1.5 x 104 per well of 96-well plate) were seeded around the barrier 

of Oris Cell Migration Assay 96-well plate (Platypus, West Lebanon, NH). Cells were 

grown overnight followed by removal of the circular barrier and treatment with AG311, 
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latrunculin A (Cayman), or solvent control (0.2% DMSO) for 32 hours. At the end of the 

experiment, Calcein-AM (Life Technologies) (2 µM) was added and wells imaged using 

Operetta High Content Imaging System (Perkin Elmer) with 2x objective and (EX500 

nm/EM540 nm). The area was measured with Columbus Software 2.4.2 (Perkin Elmer) 

and normalized to solvent treated control. To distinguish cell migration from proliferation, 

cell growth was arrested with mitomycin C (Enzo Life Sciences) (10 µM for 2 hours) prior 

to drug treatment. Viability of treated cells was determined with PrestoBlue at the end of 

the experiments. No signs of toxicity in cells were observed for treatment with mitomycin 

C and/or AG311. This experiment required a higher cell seeding density then other cell 

assay, thus resulting in higher IC50 values.  

 

Mouse dose-finding  

For in vivo drug administration, the no observed adverse effect level (NOAEL) and the 

maximal tolerated dose (MTD) were determined using NCr nu/nu athymic mice (Charles 

River, Wilmington, MA) and BALB/cJ mice (Jackson Laboratories, Bar Harbor, ME). 

Compounds were prepared as mg/ml solution dissolved in 1:1.8:7.2 ratio DMSO/ 

solutol-15 (BASF, Ludwigshafen, Germany)/D5W (5% dextrose in water). Starting doses 

were 10 and 15 mg/kg (n = 2 mice per treatment) and every two days mice were 

weighed and doses increased in 10 mg/kg increments if no weight loss was observed. 

Upon weight loss, the experiment was stopped and the current dose used as an 

estimated MTD. The dose before observed weight loss was estimated to be the NOAEL.  

 

4T1 triple negative orthotopic allograft  

To determine the effect of AG311 on necrosis in vivo, BALB/cJ mice were implanted with 

non-fluorescent 4T1 tumor cells. The experiment was performed as published (Bailey-

Downs et al., 2014) with the following modifications: Cell suspension (7500 cells/ 100µL) 
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in PBS with 1 mM EDTA was implanted into the mammary fat pad #4 of 8 week old 

female BALB/cJ mice. Three weeks after implantation when the average tumor size 

was ~260 mm3, mice were separated based on matched tumor volumes (n = 9-11). 

AG311 (23 mM stock) or solvent control (1:1:8 DMSO:solutol:saline) was injected 

intratumorally once daily for two days with treatment volumes adjusted to 1/15 of tumor 

volume. Twenty-four hours post treatment, mice were euthanized, tumors excised, cut 

into two equal parts, fixed overnight, paraffin embedded and hematoxylin and eosin 

(H&E) stained (Precision Histology, Oklahoma City, OK). To assess tumor necrosis, two 

tumor sections throughout the tumor were imaged by light microscopy (0.5x). The 

percentage of necrosis per total area was determined using ImageJ 1.48v software by a 

blinded investigator. Due to the large necrotic regions in the drug-treated tumors, parts 

of tumor sections became dissociated prior to processing. For area determination, the 

lines were drawn straight across this gap for all tumor sections. Necrotic areas were 

confirmed by a veterinary pathologist. In a separate experiment, to determine drug 

efficacy, BALB/cJ mice were implanted with 4T1-luc2-GFP cells as described above. 

Five days after implantation, mice were intraperitoneally injected with AG311 (50 mg/kg) 

twice weekly for a total of five doses, docetaxel (15 mg/kg) once weekly, or solvent 

control (1:1.8:7.2 DMSO:solutol:saline) twice weekly. Tumor size was determined using 

Vernier calipers and tumor volume calculated (0.52*(length*width*depth)). Weights were 

determined twice weekly. Lungs were removed, imaged using JuLi Imager (Bulldog Bio) 

at 25x and number of metastases per lung counted. 

 

MDA-MB-435 orthotopic xenograft  

The detailed methods for this model have been described elsewhere (Ihnat et al., 1999). 

Briefly, human MDA-MB-435 GFP-tagged cells (500,000) in DMEM were implanted into 

the mammary fat pad of 7 week old female NCr nu/nu athymic mice.  Five days post-
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implantation, the presence of tumors was determined using fluorescence animal imaging 

system (LT-9MACIMSYSPLUSC, LightTools, Tokyo). Animals were treated 

intraperitoneally (i.p.) twice weekly for 30 days with AG311 (45 mg/kg) or once weekly 

with doxorubicin (1 mg/kg) or carrier control. Tumor size was determined using Vernier 

calipers and tumor volume calculated (0.52*(length*width*depth)). At experimental end, 

animals were humanely euthanized with CO2 asphyxiation (AALAC approved), lungs 

removed, imaged (LightTools), and metastases counted with Spot Basic software 

(Sterling Heights, MI).  

 

Rat toxicity study 

Sprague-Dawley rats (3 male, 3 female; 9 weeks of age) were treated i.p. with 22.5 

mg/kg AG311 twice weekly for 4 weeks. This dose was chosen on the basis that rats 

have twice the weight/surface area ratio as compared to mice; consequently the MTD of 

45 mg/kg in mice converts to 22.5 mg/kg in rats (Reagan-Shaw et al., 2008). At 28 days, 

gross pathological analysis of fur, skin, appendages, stomach, colon, spleen, heart, liver, 

kidneys and lungs, and histopathological analyses of H&E slides of heart, liver, kidneys, 

and lungs were performed by a veterinary pathologist. For this, the organs were fixed 

embedded, sectioned, and H&E stained. 

 

Statistical analysis 

All data are expressed as mean ± S.E.M from at least 3 experiments unless otherwise 

stated. P-values were calculated using two-tailed unpaired Student's t test or One-way 

ANOVA with an appropriate post-test unless otherwise stated. P < 0.05 was considered 

statistically significant. *P < 0.05, **P < 0.01, ***P < 0.001, versus solvent (0.2% DMSO); 

†P < 0.05, ††P < 0.01, †††P< 0.001 versus docetaxel or doxorubicin treatment or HDF. 
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RESULTS 

Cytotoxicity of AG311 in cancer and normal cells 

The cytotoxicity IC50 values of AG311 (Structure: Fig. 1A), ranging from 5.9 to 29.3 µM, 

were determined by a microplate viability assay from fifteen cancer cell lines (Fig. 1B). 

The IC50 value for MDA-MB-435 (BLBC) was 13.9 µM. In other breast cancer cell lines, 

AG311 had similar (MDA-MB-468 and MCF-7) or lower (MDA-MB-231) IC50 values 

compared to MDA-MB-435. AG311 was least potent on noncancerous human dermal 

fibroblasts HDF (IC50 29.3 µM), suggesting a level of selectivity. Figure 1C shows the 

dose response curves of AG311 on three different TNBC/BLBC cell lines and HDF cells. 

AG311 has a steep dose response curves (Fig. 1B), unlike other traditional anticancer 

compounds (Supplemental Figure 1).  

 
AG311 induces membrane permeabilization 
 
SYTOX is a membrane impermeable intercalating dye that increases in fluorescence 

intensity when the cell membrane is compromised. AG311-treatment results in a rapid 

increase in fluorescence intensity within 30 minutes (25 µM) or 60 minutes (20 µM) (Fig. 

1E, 1F), indicating that AG311 is rapidly permeabilizing the membrane to molecules of 

<~600 Da, the MW of SYTOX. Additionally, a time-course of AG311 exposure in MDA-

MB-435 cells results in the formation of large, stable, and continuously expanding 

membrane blebs simultaneous to SYTOX uptake (Fig. 1D) (video in supplemental). The 

formation of these blebs is indicative of necrosis in contrast to transient blebbing 

observed in apoptosis (Barros et al., 2003). The occurrence of membrane 

hyperpermeability (Fig. 1E) correlates temporally with decreased cell viability 

determined by the resazurin dye PrestoBlue (Fig. 1H). Increasing AG311 concentration 

from 20 to 40µM resulted in both a rapid (15-60 min) increase in membrane 

hyperpermeability (Fig. 1E) and a decrease in cell viability (Fig. 1H). In contrast, 10 µM 
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AG311, a dose slightly above the IC50 value, did not result in a decrease in viability or an 

increase in membrane permeability until 6 hours after treatment. From 6 hours onward a 

decrease in viability and increase in membrane permeability was observed. (Fig. 1E and 

H). This data illustrates that for all tested doses, the effect of AG311 on membrane 

permeability and viability is not transient. A cell culture model that more closely 

resembles the three dimensional structure of tumors are multicellular spheroids. MDA-

MB-435 spheroid cultures were exposed to AG311 in the presence of SYTOX Green 

and similar to monolayer cells, membrane hyperpermeability was observed in spheroids 

after 30 minutes (Supplemental Figure 2).  

 
AG311 selectively induces membrane permeabilization 

AG311 was less effective in inducing membrane hyperpermeability in normal HUVEC 

(noncancerous cells) versus tumor cells (Fig. 1F). AG311-treated HUVEC cells (25 µM) 

displayed delayed membrane hyperpermeability compared to MDA-MB-435 cells (Fig. 

1F), but more notably, 20 µM AG311 did not result in membrane hyperpermeability after 

6 hours, whereas this occurred rapidly in MDA-MB-435 cells (Fig. 1F). This correlates 

with the differential IC50 values in cancerous (MDA-MB-435) versus noncancerous (HDF) 

cells (Fig. 1B). To further show selectivity, mixed cell culture of human dermal 

fibroblasts (HDF) and breast cancer cells (MDA-MB-435) labeled green or red, 

respectively, were treated with AG311. Only MDA-MB-435 cells underwent cell death 

after treatment with AG311 during the studied duration (90 min) as shown by uptake of 

SYTOX Blue (Fig 1G) (video in supplemental data). This demonstrates that AG311 

selectively induces cell death in breast cancer cells. 

 

AG311 induces necrosis and lacks molecular markers of apoptosis 

To further investigate AG311-induced membrane compromise, release of lactate 
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dehydrogenase, a 36 kDa protein commonly used to detect necrosis-associated 

membrane changes was measured (Chan et al., 2013). After AG311-treatment, LDH 

levels increased significantly (Fig. 2A). Additionally, the cellular localization of the high 

mobility group B1 (HMGB1) protein was determined (Scaffidi et al., 2002). In untreated 

cells, HMGB1 is sequestered in the nucleus but upon induction of necrosis it is released 

into the cytoplasm, where it acts as an inflammatory stimulator (Scaffidi et al., 2002). 

Treatment with AG311 (25 µM) resulted in translocation of HMGB1 to the cytoplasm 

after 20 min as shown by immunocytochemistry (Fig. 2D) and immunoblotting (30 and 

60 min). (Fig 2E). Another hallmark of necrosis is nuclear swelling. The nuclear diameter 

of AG311-treated MDA-MB-435 cells was also significantly greater compared to 

untreated controls, indicating necrosis (Fig. 2B). In contrast to apoptosis, which is an 

ATP dependent process (Golstein and Kroemer, 2007), necrosis is energy-independent 

and results in rapid ATP depletion. MDA-MB-435 cells exposed to AG311 resulted in 

significant decreases in ATP levels after 15 min and complete ATP depletion by 180 min 

(Fig. 2C). Together with the findings of membrane swelling, stable blebbing and rapid 

membrane hyperpermeabilization, these data suggest that AG311 rapidly induces 

necrosis. To further exclude the possibility of apoptotic cell death, the induction of 

apoptotic markers was investigated. Exposing cells to AG311 did not induce PARP 

cleavage (Supplemental Figure 3A) or increase caspase-3/7 activity (Supplemental 

Figure 3B), further suggesting that AG311 does not induce apoptosis.  

 

AG311 affects calcium homeostasis 

Increased intracellular calcium is another characteristic of necrotic cell death and can 

lead to mitochondrial disruption (Golstein and Kroemer, 2007). To investigate this, the 

calcium-specific fluorescent indicator Fluo-4 was used. Exposure of MDA-MB-435 cells 

to AG311 resulted in an increase in intracellular calcium levels (Fluo-4 fluorescence 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on February 26, 2015 as DOI: 10.1124/jpet.114.220335

 at A
SPE

T
 Journals on M

arch 20, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #220335 

18 

intensity) within 40 minutes. Membrane hyperpermeability, indicated by propidium iodine 

uptake (MW 668), which is comparable to SYTOX, occurred temporally after intracellular 

calcium increase (Fig. 3A) (video in supplemental data). Further, it was determined 

whether extracellular calcium was required for cell death and membrane 

hyperpermeability. Cells exposed to AG311 in calcium free media (HBSS) resulted in 

similar membrane permeability and blebbing after 60 minutes as in calcium-containing 

media (Fig. 3B), indicating that extracellular calcium is not required for AG311-induced 

cell death. Pretreatment with the calcium chelator, BAPTA-AM, significantly, but only 

slightly protected against AG311-induced cell death (Fig 3C). Together this illustrates 

that levels of calcium increase, but do not seem to play a major role in the AG311-

induced cell death pathway.  

 
AG311 induces plasma membrane depolarization  

The fluorescent dye, DiBAC4(3) is commonly used to assess changes in plasma 

membrane potential. Depolarization of the membrane increases the electrochemical 

gradient and draws DiBAC4(3) into the cell, resulting in increased fluorescence (Epps et 

al., 1994). Exposure of MDA-MB-435 cells to AG311 (20 and 25 µM) resulted in rapid 

decreases in fluorescence intensity, indicative of hyperpolarization, followed by 

increases in fluorescence, indicative of membrane depolarization (Fig. 3D). The timing 

of the depolarization phase correlates closely with the timing for membrane permeability 

to SYTOX (Fig. 3D vs Fig. 1E). Lower doses of AG311 (15 µM) did not result in 

membrane permeability to SYTOX (MW ~600Da), but did result in hyperpolarization 

within one hour. Together these data indicate that AG311 is perturbing the membrane 

early in the cell death process leading to alterations in membrane potential. 

 

AG311 induces rapid mitochondrial membrane changes 
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AG311-induced mitochondrial membrane potential, ΔΨm, fluctuations were assessed by 

measuring the fluorescence of a mitochondria specific dye, tetramethylrhodamine methyl 

ester (TMRM), which accumulates in the mitochondria based on the ΔΨm and localizes 

to the mitochondrial matrix in inverse proportion to the ΔΨm (Perry et al., 2011). 

Exposure to AG311 resulted in rapid mitochondrial depolarization within five minutes as 

observed by a decrease in TMRM fluorescence intensity using fluorescence microscopy 

(Fig. 4A) and flow cytometry (Fig. 4B). These findings were confirmed by measurement 

of the cationic dye JC-1, which forms red-fluorescent J-aggregates at normal/high ΔΨm 

and green-fluorescent monomers upon depolarization of the ΔΨm (Chazotte, 2011). 

AG311 resulted in a decrease in the ratio of aggregates (red) over monomers (green) in 

MDA-MB-435 cells at 15 minutes post-treatment (Fig. 4C), thus indicating mitochondrial 

membrane depolarization. The red fluorescent cell population with aggregated JC-1 

shifted from quadrant 2 (Q2) to quadrant 1 (Q1) (Fig. 4C), indicating ΔΨm depolarization 

in response to AG311. Additional time points (30 – 240 min) from flow cytometry studies 

showed a similar shift in fluorescence (Fig 4D). This correlates with the results obtained 

using TMRM, supporting the hypothesis that AG311 induces rapid mitochondrial 

depolarization. 

 

AG311 induces mitochondrial dysfunction 

To further elucidate the effect of AG311 on calcium and mitochondria function, an 

inhibitor of the mitochondrial calcium uniporter (MCU), Ru360, was used (García-Rivas 

et al., 2006). Treatment with AG311 in the presence of Ru360 protected against AG311 

induced cell death as determined by cell viability after 24 hours (Fig. 5A). Pretreatment 

with Ru360 also protected cells against membrane hyperpermeability induced by AG311 

(Fig. 5B). To determine whether AG311-induced cell death is mitochondrial dependent, 

cells were cultured in galactose media. Galactose drives cells to upregulate energy 
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production through oxidative phosphorylation in the mitochondria, making them more 

suitable for studying drug-induced mitochondrial dysfunction (Dykens et al., 2008; Aguer 

et al., 2011). MDA-MB-435 cells cultured in galactose media were significantly more 

sensitive to AG311-induced cell death, as indicated by reduced viability after 24 hours of 

drug treatment (Fig. 5C), suggesting that for AG311 death is mitochondrial-mediated. 

Next, it was tested whether the mitochondrial permeability transition pore (MPTP) is 

involved in AG311-induced cell death by using the specific MPTP inhibitor cyclosporine 

A (CsA). AG311-induced cell death is independent of MPTP opening, as indicated by 

failure of the MPTP inhibitor, cyclosporine A (CsA), to protect against AG311-induced 

cell death (Supplemental Figure 4). This suggests that AG311-mediated cell death is 

dependent upon mitochondrial calcium release that occurs in an MPTP-independent 

manner. 

 

Role of superoxide in AG311-induced cell death 

Necrosis is often associated with oxidative stress (Ryter et al., 2007). The production of 

mitochondrial superoxide in response to AG311 was determined by MitoSOX using 

fluorescence microscopy and plate reader analysis. Mitochondrial superoxide production 

was detectable after only 20 minutes post-treatment (Fig. 5D) and maximal superoxide 

levels were reached before the membrane was permeable to SYTOX (MW ~600 Da) 

(Fig. 5D). Similar to mitochondrial depolarization, low doses of AG311 (15 µM) were 

able to induce mitochondrial superoxide production (Fig. 5E). It was next tested whether 

a mitochondrial antioxidant, lipoic acid, can protect against AG311 induced cell death 

(Smith et al., 2004). Pretreatment of cells with lipoic acid followed by treatment with 

AG311 (7.5 µM, 10 µM, 15 µM) had significantly increased viability as compared to their 

counterparts not treated with lipoic acid. At higher concentrations of AG311 (20, 30, or 

40 µM) lipoic acid did not protect against AG311 (Fig. 5F). Collectively this data 
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indicates that AG311 induces mitochondrial superoxide, which contributes to its 

induction of cell death.  

  

Inhibition of breast cancer cell migration by AG311 

Mitochondrial activity has been shown to be increased in breast cancer metastases 

(Sotgia et al., 2012; Zhao et al., 2013), and agents such as graphene (Zhou et al., 2014)  

and metformin (Sanchez-Alvarez et al., 2013) have shown to reduce metastasis via 

inhibition of the mitochondria. Thus, AG311 could possess antimetastatic activity. The 

ability to inhibit migration, a hallmark of metastasis, was first evaluated using a cancer 

cell migration assay. The 4T1-luc2-GFP TNBC cells were used because this cell line is 

highly metastatic in vivo and thus suitable for in vitro migration studies. AG311-treatment 

significantly inhibited cell migration at multiple subtoxic doses in 4T1-luc2-GFP cells 

(Fig. 6 A, B). Treatment with AG311 showed no effect on cell viability at the tested 

doses (Fig 6C). The IC50 values are higher than reported in figure 1A, because in the 

migration assay, three-fold more cells were plated, shifting the dose-response curve to 

the right (Supplemental Figure 5.) To minimize the influence of cell proliferation on 

migration, mitomycin C was used to inhibit cell division prior to treatment. With 

mitomycin C added, AG311 retained the ability to inhibit migration without reducing 

viability (Fig. 6 D, E, F).  

 

AG311 increases necrosis in vivo 

In order to assess the ability of AG311 to induce necrosis in vivo, AG311 was injected 

intratumorally into 4T1 orthotopic breast tumors of BALB/cJ mice. In vivo, AG311-

induced necrosis was quantified by calculating the percentage of necrotic area within the 

tumor section from H&E stained tumor sections. The AG311-injected tumors had a 

significantly higher percentage of necrosis as compared to their control treated 
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counterparts (27.6 mm2 and 17.5 mm2, respectively) (Fig. 7A). The control treated 

tumors showed normal necrotic cores attributed to a lack of vasculature within the 

tumors. Representative images of necrotic areas are shown in figure 7B. This 

demonstrates that AG311 possess the ability to induce necrosis in tumor tissue.  

 

Effect of AG311 on tumor growth, metastases, and toxicity in a MDA-MB-435 

orthotopic xenograft model 

Next, AG311 was tested for efficacy in a BLBC human breast cancer mouse xenograft 

model against an agent of choice,  anthracycline doxorubicin (Gradishar et al., 2014). 

First, the no adverse effect level (NOAEL) dose of AG311 (45 mg/kg twice weekly) and 

the maximal tolerated dose (MTD) for doxorubicin (1 mg/kg twice weekly) was 

determined in NCr nu/nu athymic mice. Animals were implanted with MDA-MB-435 GFP 

cells and five days after implantation, treatment was initiated. Treatment with AG311 

significantly reduced primary tumor growth as compared to control or doxorubicin (Fig. 

8A). Additionally, AG311-treated animals had fewer lung metastases at the end of the 

experiment as compared to control treated animals (Fig. 8B) and continued to gain 

weight throughout the experiment (Fig. 8C), indicating low to no systemic toxicity. 

 

Antitumor growth and antimetastatic efficacy and toxicity of AG311 in a TNBC 

orthotopic allograft model 

Next, the efficacy of AG311 was examined in a TNBC allograft metastatic progression 

model in immune proficient mice, previously developed in our laboratory (Bailey-Downs 

et al., 2014). Dual luciferase/GFP 4T1-tagged (4T1-luc2-GFP) cells were implanted in 

female BALB/cJ mice. Animals were treated with NOAEL dose of AG311 (50 mg/kg 

twice weekly), MTD of docetaxel (15 mg/kg once weekly), or solvent control. AG311 

reduced primary tumor growth, as did the agent of choice, docetaxel (Fig. 8D), but with 
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low systemic toxicity as determined by weight change (Fig. 8F). More importantly, 

AG311 significantly reduced the number of lung metastases compared to all groups 

(Fig. 8E).  

 

Toxicity study with AG311 

AG311 was tested in rats to determine whether the absence of toxicity in mice holds true 

for slightly larger mammals. In this study, rats were treated with 22.5 mg/kg AG311, 

which is equivalent to the MTD of 45 mg/kg in mice. All rats gained weight throughout 

the study and the mean weight gain was 16.8% for control and 14.8% for AG311-treated 

rats (no statistical difference). Gross and histopathological evaluation by a veterinary 

pathologist after four weeks of treatment showed no apparent signs of toxicity in all 

evaluated organs (liver, kidney, heart, spleen), indicating an absence of systemic 

toxicity. 

 

DISCUSSION 

Cancer is a highly heterogeneous syndrome, both inter- and intratumorally, thus 

combining an arsenal of effective therapies targeting different pathways is critical to 

evoke a definitive “cure.” Herein, we describe for the first time a small synthetic 

molecule, AG311, which possesses in vivo robust antitumor and antimetastatic activity in 

traditionally treatment resistant breast cancers. This agent also appears to act rapidly on 

the mitochondria resulting in necrotic cell death. Interestingly, this small synthetic 

molecule displays rapid necrosis similar to a toxin, yet in contrast to toxins, our molecule 

has no apparent systemic toxicity in animals.  

Figure 9 shows a temporal overview of the morphological and molecular 

changes induced by AG311 in cancer cells. The earliest molecular change observed in 

response to AG311 is mitochondrial membrane depolarization followed by rapid ATP 
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depletion. In parallel, early membrane perturbations are observed as hyperpolarization, 

followed by depolarization once the plasma membrane has become hyperpermeable to 

small molecules (e.g. SYTOX) and has formed large membrane blebs. Shortly before 

membrane permeability occurs, intracellular calcium and superoxide levels increase. 

The latest event observed is complete loss of membrane integrity, at which point the 

membrane is permeable to proteins (e.g. LDH) and cells considered nonviable.  

We showed that AG311 induces rapid mitochondrial depolarization and 

superoxide production, AG311 is more effective in glucose-free conditions, and that 

Ru360 inhibited AG311-induced cell death. These findings suggest a key functional role 

of mitochondria in AG311 cell death. The mitochondria play a central role in cell survival 

and death and mitochondria-targeted chemotherapy appears promising for the treatment 

of apoptosis-resistant cancer cells (Costantini et al., 2000; YC Li et al., 2004). A common 

view is that cancer cells have dysfunctional mitochondria and have increased glycolysis 

(i.e., Warburg effect). In recent years, this view has been challenged by Lisanti 

(Witkiewicz et al., 2012) and others (Valencia et al., 2014). Evidence suggests that 

cancer cells produce energy through oxidative phosphorylation while the surrounding 

stromal cells are highly glycolytic and fuel the tumor oxidative metabolism. This 

observation has been termed the “reverse-Warburg” effect and is not only seen in 

primary tumors, but also in metastases (Bonuccelli et al., 2010). Thus the observed 

antitumor and antimetastatic effect of AG311 could be mediated through the inhibition of 

oxidative phosphorylation and limiting the energy production of the tumor cells. The cell 

data support selectivity of AG311 for cancer cells at low drug concentration (<14 µM), 

though at higher drug concentrations (30 µM) normal cells also undergo cell death, this 

selectivity could be a result of the higher energy demand of tumor cells. When energy 

demand is greater than supply as is seen with necrosis, cells encounter a bioenergetic 

catastrophe that leads to necrotic cell death (Edinger and Thompson, 2004). Recently, a 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on February 26, 2015 as DOI: 10.1124/jpet.114.220335

 at A
SPE

T
 Journals on M

arch 20, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #220335 

25 

mitochondria-directed therapy, VLX600, was described to selectively affect mitochondria 

in metabolically compromised environments resulting in autophagy (Zhang et al., 2014). 

Other agents such as honokiol, betulinic acid, and lonidaminde, have also been 

proposed to cause cancer cell death through opening of the mitochondrial permeability 

transition pore (Lena et al., 2009). Mitochondrial free radical production by AG311 

appears to be part of its cell death mechanism, as antioxidant co-administration 

decreasing the potency of AG311 demonstrated. Further, perhaps adding an agent like 

the pyruvate dehydrogenase kinase inhibitor, dichloroacetate, to increase cancer cells’ 

reliance on mitochondrial function may enhance the activity of AG311, similar to the 

galactose results in cultured cells.  

We show that AG311 rapidly induces necrosis. Necrosis was once considered 

undesirable because it was deemed an unplanned and unregulated form of death. 

Recently, necrosis was reported to be highly regulated, occurring in a number of 

physiological and pathophysiological situations (Vanden Berghe et al., 2014). It was 

further thought that necrosis was inherently undesirable in terms of cancer therapy 

because it resulted in stimulation of the immune system. Specifically, necrotic cells 

release a number of immunostimulants such as HMGB1, purine metabolites, heat-shock 

proteins, adenine phosphate, and uric acid (Zong and Thompson, 2006). While massive 

necrosis such as that observed in tumor lysis syndrome can be life-threatening, this 

syndrome is fortunately restricted to poorly differentiated lymphomas and leukemias and 

although AG311 treatment increases necrosis in vivo, this involves only a portion of the 

tumor. Another argument against necrosis is that it can trigger the release of growth 

factors and cytokines leading to increased tumor growth (Hanahan and Weinberg, 

2011). While not examined directly in this work, AG311 was active systemically against 

primary breast tumors and lung metastases in vivo, and its efficacy did not appear to 

decrease with multiple doses or as the tumors grew larger. This could be further 
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explored by measuring the release of pro-growth cytokines/growth factors from tumors 

exposed to AG311 and by assessing the “rebound” effect of prematurely withdrawing 

therapy on primary tumor and metastatic growth.  

  Therapeutically, it has been found that radiation-induced necrotic cell death can 

stimulate the immune system in a positive fashion to result in additional tumor cell kill via 

the bystander effect (Frey et al., 2014). Further, the FDA approved anticancer agent 

topotecan, shown to result in necrotic cell death, increases levels of major 

histocompatibility complex class I (MHC I) proteins in breast cancer cells, leading to 

increased cytokine release, immune stimulation, and cancer death (Frey et al., 2014). A 

tenet of photodynamic therapy (PDT) is its ability to induce cellular necrosis and acute 

inflammation locally in tumor tissue, and immune deficient animals do not seem to 

respond as well to PDT as their immune proficient counterparts (Henderson et al., 2004; 

Brackett and Gollnick, 2011). Clinically, it has been suggested that antitumor therapy 

actually induces more necrosis than apoptosis, and that the degree of this necrosis is 

correlative with therapeutic outcome (Olofsson et al., 2007; de Bruin and Medema, 

2008). Thus, there is certainly a precedent for necrosis induction in cancer therapy.  

AG311 is to our knowledge the first synthetic small molecule found to rapidly 

induce mitochondrial-related necrosis in tumor cells. Natural product toxins such as the 

kahalalides induce rapid cell death, but likely oligomerize directly to form pores in cellular 

membranes (Molina-Guijarro et al., 2011). Honokiol is a small molecule lignan isolated 

from tree bark found to induce mitochondrial dysfunction and necrosis (L Li et al., 2007). 

Certain small molecule chalcones have been found to induce rapid necrosis-like cell 

death called “methuosis”, or a buildup of large intracellular vacuoles (Overmeyer et al., 

2011). A methodical structure-activity analysis of AG311 is ongoing to better establish 

the basic pharmacophore conferring rapid induction of necrotic tumor cell death. These 

studies may also yield more active and tumor-selective agents and shed more light on 
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the cellular targets with which these agents might be interacting. Future studies will also 

examine the pharmacokinetic (PK) parameters of AG311 and related analogs; the in vivo 

efficacy of these agents in other resistant tumor types; and the in vivo efficacy and 

systemic toxicity in combination with FDA approved anticancer agents.  

In conclusion, we have identified a small molecule capable of inducing rapid 

cellular necrosis through the mitochondria that is effective in vitro and in vivo against 

TNBC/BLBC primary tumors and metastases with no apparent toxicity. This agent may 

prove to be a first-in-class drug for the treatment of historically resistant solid tumors.
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FIGURE LEGENDS 

 

Figure 1. AG311 preferentially induces rapid cell death and selective membrane 

permeability in breast cancer cells.  

A) Structure of AG311. B) IC50 values for AG311 with different cell lines. Viability was 

determined by PrestoBlue fluorescence after 48 hours of treatment. C) Dose-response 

curves of AG311 on TNBC cell lines. D) Brightfield (BF) and fluorescent time course 

images of MDA-MB-435 cells exposed to AG311 (20 µM) in the presence of SYTOX 

Green. Arrows indicate cellular swelling and large blebbing. E) Membrane permeability 

time course in MDA-MB-435 cells and F) HUVEC treated with AG311 in the presence of 

SYTOX green (n = 9). G) Mixed cell culture of HDF (labeled green with CellTracker 

Green) and MDA-MB-435 cells (labeled red with CellTracker Red) treated with AG311 

(20 µM) in the presence of SYTOX blue. H) Viability time course of AG311-treated MDA-

MB-435 cells as determined with PrestoBlue. All data are representative of three to six 

independent experiments. 

 

Figure 2. AG311 induces characteristics of necrotic cell death. 

A) Lactate dehydrogenase (LDH) release from AG311-treated MDA-MB-435 cells (n=4). 

B) Average measurement of nuclear diameter of AG311-treated (25 µM) MDA-MB-435 

cells for 20 minutes (n = 8 - 11). C) Time course of ATP levels in AG311-treated MDA-

MB-435 cells (n = 4 - 5). D) Immunofluorescence images of MDA-MB-435 cells treated 

with AG311 (25 µM) for 20 minutes. Images representative of three separate 

experiments. E) Immunoblot of HMGB1 levels in cell lysate (cytosolic fraction) collected 

form AG311-treated (25 µM) MDA-MB-435 cells and solvent control. Graphs show 

quantification of HMGB1 levels normalized to vinculin. 
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Figure 3. AG311 induces intracellular calcium increase and membrane 

depolarization. 

A) MDA-MB-435 cells treated with AG311 (20 µM) in the presence of Fluo-4 calcium 

indicator and propidium iodide (PI) (left panel). Cell tracings of treated cells (right panel); 

n = 6 cells. B) Cells were treated with AG311 (20 µM) in calcium containing or calcium 

free media with SYTOX Green. C) Viability of cells treated with AG311 after 

pretreatment with BAPTA-AM. The viability was assessed by PrestoBlue after 24 hours 

of treatment. D) MDA-MB-435 cells were loaded with DiBAC4(3) and exposed to AG311 

or control. Data are mean fluorescence intensities of cell traces (n=6 cells). DiBAC4(3) 

fluorescence intensity correlates with membrane potential, while propidium iodide (PI) 

fluorescence intensity correlates with membrane permeabilization. Data are 

representative of three independent experiments. 

 

Figure 4. Effect of AG311 on mitochondria.  

A) MDA-MB-435 cells (used throughout) were treated with AG311 or solvent control 

(0.2% DMSO) in the presence of TMRM and imaged at 40x (left panel) or represented 

as cell tracings at multiple doses of AG311 (right panel). Statistical analysis was 

performed with two-way ANOVA/repeated measures post-test. B) TMRM-loaded MDA-

MB-435 cells were analyzed for fluorescence intensity with flow cytometry kinetics. 

Arrow indicates time of addition of solvent control (0.2% DMSO) or AG311 (20 µM) to 

the cell suspension at 5 minutes. C) Flow cytometric analysis of AG311-treated (20 µM) 

or untreated cells after JC-1 loading. D) Additional time points of percentage of cells 

treated with AG311 present in quadrant 2 (Q2) in JC-1 flow cytometry plot.  

 

Figure 5. Partial prevention of AG311-induced cell death by Ru360, lipoic acid, and 

galactose. 
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A) Viability of AG311-treated (20 µM) cells after pretreatment with Ru360, measured 

with PrestoBlue (24 hr) or (B) membrane permeability assessed by SYTOX Green 

fluorescence. Statistical analysis was performed with two-way ANOVA/repeated 

measures post-test. The p-values for AG311 alone compared to AG311 + Ru360 at the 

different time points are at least < 0.05 after 60 minutes of treatment and onward. C) 

Viability assessment of cells cultured in glucose (25 mM) or galactose (10 mM) 

supplemented DMEM for 5 days, and then treated with AG311. D) Superoxide 

production was determined by MitoSOX fluorescence (red) and membrane permeability 

determined by SYTOX Green (black) in AG311-treated (20 µM) cells (n = 5). E) Plate 

reader analysis of mitochondrial superoxide production in response to AG311 (20 µM) 

Statistical analysis was performed with two-way ANOVA/repeated measures post-test. 

F) Viability of cells treated with AG311 with or without lipoic acid. Viability was assessed 

with Presto Blue after 24 hours.  

 

Figure 6. AG311 inhibits breast cancer cell migration 

Cells (4T1-luc2-GFP) were treated with AG311 (0, 8, 10, 12, 14 µM) or latrunculin A (Lat, 

0.25 µM) for 30 hours.  A) Cells were labeled with calcein-AM and cell migration 

measured from images. B) Representative images. Dotted line indicates initial hole in 

the cell layer. C) Cells were subjected to PrestoBlue for viability determination. The 

treatment did not reduce viability. D, E & F) Cells were treated as above, with the 

exception that cells were pretreated with mitomycin C (10 µM) for 2 hours prior to 

treatment. Data are representative of three independent experiments. 

 

Figure 7. AG311 increases necrosis in orthotopic breast tumors 

A) 4T1 tumor-bearing BALB/cJ mice were treated intratumorally with AG311 or solvent 

control once daily for two days. Quantification of necrotic area from H&E sections. Data 
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are means (n = 9 - 11 tumors). B) Representative tumor sections from mice treated with 

AG311 or control. 

 

Figure 8. AG311 retards tumor growth and reduces metastasis with low systemic 

toxicity in orthotopic breast cancer.  

A) MDA-MB-435 GFP tumor growth curve in an orthotopic xenograft mouse model. 

Tumor bearing NCr nu/nu athymic mice were treated with control, doxorubicin (dox) (15 

mg/kg, weekly), AG311 (45 mg/kg, twice weekly) and tumor volumes assessed (two-way 

ANOVA repeated measures post-test). B) Visible GFP lung metastatic cell count at the 

end of the experiment. C) Mouse weight change at the end of the experiment (n = 5). D) 

4T1-luc2-GFP tumor bearing BALB/cJ mice were treated with AG311 (50 mg/kg, twice 

weekly), docetaxel (dct) (15 mg/kg, weekly), or solvent control and tumor volume 

assessed (two-way ANOVA/repeated measures post-test). E) GFP-positive lung 

metastatic cell count normalized to solvent control. F) Mouse weights are shown in 

percentage change at day 32 over starting weight (n = 4 - 6).  

 

Figure 9. Events of AG311-induced cell death. 

Summary scheme of the timing of cellular events occurring during AG311-induced cell 

death (20 µM).  
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