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Abstract 

Prior studies have shown that lapatinib and obatoclax interact in a greater than additive fashion to cause cell 

death, and do so through a toxic form of autophagy. The present studies sought to extend our analyses. 

Lapatinib and obatoclax killed multiple tumor cell types, and cells lacking PTEN function were relatively 

resistant to drug combination lethality: expression of PTEN in PTEN null breast cancer cells restored drug 

sensitivity.  Co-administration of lapatinib with obatoclax elicited autophagic cell death that was due to the 

actions mitochondrial reactive oxygen species (ROS). Wild type but not mitochondria deficient Rho zero 

cells were radiosensitized by lapatinib and obatoclax treatment. Activation of p38 MAPK and JNK1/2 by 

the drug combination was enhanced by radiation and signaling by p38 MAPK and JNK1/2 promoted cell 

killing.  By immunohistochemistry, in drug combination treated cells, the autophagosome protein p62 

associated with PERK and IRE1, as well as with GRP78/BiP. Knock down of PERK suppressed drug-

induced autophagy and protected tumor cells from the drug combination. Knock down of PERK suppressed 

the reduction in MCL-1 expression following drug combination exposure; over-expression of MCL-1 

protected cells. Collectively, our data argue that mitochondrial function plays an essential role in cell killing 

by lapatinib and obatoclax treatment was well as radiosensitization by this drug combination.  
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Introduction 

Tumor cells are frequently addicted to signaling by growth factor receptors. Inhibitors of these receptors, such 

as gefitinib and lapatinib, have shown anti-tumor effects that are sometimes genuinely cytotoxic but are more 

frequently cytostatic. In general, to achieve greater effects on survival, inhibition of multiple growth factor 

receptors and intracellular pathways have to be targeted.  

 

Lapatinib, a dual ERBB1/ERBB2 inhibitor, is currently clinically approved for use in ERBB2 over-expressing 

metastatic breast cancer combined with capecitabine (Geyer et al., 2006; Kong et al., 2008). Over time 

resistance to ERBB inhibitor therapeutics develops either through secondary mutations within ERBB receptors, 

through the initiation of alternative receptor tyrosine kinase signaling pathways or the up-regulation of pro-

survival proteins in the BCL-2 family (Ware et al., 2010; Martin et al, 2009). It has been noted that tumors 

presenting with alterations in ERBB receptors are often more aggressive and frequently convey a poorer clinical 

outcome (Hynes & Lane, 2005; Martin et al., 2008; Bigner & Vogelstein, 2008). 

 

The BCL-2 family of proteins consists of protective BCL-2 family proteins (e.g. BCL-2, BCL-XL, MCL-1) and 

pro-apoptotic proteins in the family such as BAX, BAK, PUMA and NOXA (Mitchell et al, 2010; Martin et al., 

2009; Tang et al, 2012, Cruickshanks et al, 2012, Delft & Huang, 2009 and refs. therein).  Most frequently 

reported in the literature is that the release of BAK and BAX from protective BCL-2 proteins results in pore 

formation, mitochondrial stress with ROS generation, leading to the release of cytochrome c and the activation 

of apoptosis effectors. This effect can also be induced by target specific therapeutics such as obatoclax (GX15-

070), that act by inhibiting the interaction between protective BCL-2 family members and toxic members of the 

family. Theoretically this approach would also increase the toxicity of other therapies that act to promote 

mitochondrial dysfunction (Martin et al., 2009). In our prior studies combining lapatinib and obatoclax, 

however, we demonstrated that cell killing, despite activation of BAX and BAK, was due to a toxic form of 
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autophagy, and caspase inhibitors such as zVAD had little or no effect on suppressing the cell killing effect 

(see below, Martin et al, 2009; Mitchell et al, 2010, Tang et al, 2012, Cruickshanks et al, 2012). 

 

Autophagy is an evolutionarily conserved catabolic pathway that recycles or removes damaged or excess 

organelles as well as breaking down proteins into their amino acid constituents to maintain viability (Gewirtz et 

al., 2007, and refs. therein).  Cancer cells often display reduced levels of autophagy, allowing continuing 

malignant progression and proliferation (Mathew et al., 2007), whilst also providing an anti-cancer role by 

limiting tumor size/growth (Hippert et al., 2006).  This leaves the question as to whether autophagy in tumor 

cells is a cytoprotective or cytotoxic event. We have found that the BCL-2 inhibitor obatoclax, either alone or in 

combination with the ERBB1/2/4 inhibitor lapatinib, kills through a toxic form of autophagy that correlated 

with activation of toxic BH3 domain proteins such as BAX, BAK, NOXA and PUMA (Martin et al, 2009; 

Mitchell et al, 2010, Tang et al, 2012, Cruickshanks et al, 2012).   

 

The present study aimed to establish further mechanisms of action of lapatinib and obatoclax toxicity, the 

importance of PTEN status in drug toxicity and the mechanisms by which the drug combination radiosensitized 

tumor cells. Lapatinib and obatoclax treatment radiosensitized cells through activation of p38 MAPK, and 

through increased expression of NOXA. 
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Materials and Methods 

Materials. Lapatinib was provided by Glaxo SmithKline (King of Prussia, PA).  Obatoclax was provided by 

Geminx Pharma. (King of Prussia, PA); now owned by Cephalon (Frazer, PA).  Other drugs were purchased 

from Selleck Chemicals LLC (Houston, TX).  Trypsin-EDTA, DMEM, MEM, RPMI and penicillin-

streptomycin were purchased from GIBCOBRL (GIBCOBRL Life Technologies, Grand Island, NY).  All 

established tumor cells were purchased from the ATCC.  Short hairpin PTEN, plasmid expressing green 

fluorescent protein (GFP) tagged –PTEN and mTOR and the plasmid expressing Luciferase were purchased 

from Addgene (Cambridge, MA).  The plasmid expressing GFP – tagged human LC3 was kindly provided by 

Dr. S Spiegel, VCU.  Commercially available validated siRNAs were purchased from Qiagen (Valencia, CA).  

Antibodies were purchased from Cell Signaling Technologies (Worcester, MA).  All secondary antibodies were 

purchased from Santa Cruz Biotechnologies (Santa Cruz, CA).  Reagents and performance of experimental 

procedures were described in refs. (Martin et al, 2009; Rahmani et al, 2005; Rahmani et al, 2007; Zhang et al, 

2008; Park et al, 2008; Park et al, 2009; Park et al 2010; Eulitt et al, 2010; Tang et al, 2012; Cruickshanks et al, 

2012). 

 

Methods. 

Culture and in vitro exposure of cells to drugs.  All established cell lines were cultured at 37 oC (5% (v/v CO2) 

in vitro using RPMI supplemented with 5% (v/v) fetal calf serum and 10% (v/v) Non-essential amino acids.  

For short term cell killing assays, immunoblotting studies, cells were plated at ~2 x 105 cells per well of a 12 

well plate and 48h after plating treated with various drugs, as indicated. In vitro drug treatments were from 100 

mM stock solutions of each drug and the maximal concentration of Vehicle (DMSO) in media was 0.02% (v/v). 

Cells were not cultured in reduced serum media during any study in this manuscript. 

 

In vitro cell treatments, microscopy, SDS-PAGE and Western blot analysis. For in vitro analyses of short-term 

cell death effects, cells were treated with vehicle or Lap/GX, or the combination of Lap/GX with the addition of 
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either Rapamycin or BEZ-235 for the indicated times in the Figure legends. For apoptosis assays where 

indicated, cells were isolated at the indicated times, and subjected to trypan blue cell viability assay by counting 

in a light microscope.  For SDS-PAGE and immunoblotting, cells were plated at 5 x 105 cells / cm2 and treated 

with drugs at the indicated concentrations and after the indicated time of treatment, lysed in whole-cell lysis 

buffer (0.5 M Tris-HCl, pH 6.8, 2%SDS, 10% glycerol, 1% β-mercaptoethanol, 0.02% bromophenol blue), and 

the samples were boiled for 30 min. The boiled samples were loaded onto 8-14% SDS-PAGE and 

electrophoresis was run for approximately 1.5hrs. Proteins were electrophoretically transferred onto 0.22 μm 

nitrocellulose, and immunoblotted with various primary antibodies against different proteins.  Blots were 

visualized using an Odyssey infra red imaging system. 

 

Transfection of cells with siRNA or with plasmids. For Plasmids: Cells were plated as described above and 24h 

after plating, transfected. For all cell types (0.5μg) plasmids expressing a specific mRNA (or siRNA) or 

appropriate vector control plasmid DNA was diluted in 50μl serum-free and antibiotic-free medium (1 portion 

for each sample). Concurrently, 2μl Lipofectamine 2000 (Invitrogen) was diluted into 50μl of serum-free and 

antibiotic-free medium (1 portion for each sample).  Diluted DNA was added to the diluted Lipofectamine 2000 

for each sample and incubated at room temperature for 30 min. This mixture was added to each well / dish of 

cells containing 200μl serum-free and antibiotic-free medium for a total volume of 300 μl, and the cells were 

incubated for 4 h at 37 °C.  An equal volume of 2x medium was then added to each well.  Cells were incubated 

for 48h and then treated with drugs.  

 

Transfection with siRNA: Cells were plated in 60 mm dishes from a fresh culture growing in log phase as 

described above, and 24h after plating transfected. Prior to transfection, the medium was aspirated and 1 ml 

serum-free medium was added to each plate. For transfection, 10 nM of the annealed siRNA, the positive sense 

control doubled stranded siRNA targeting GAPDH or the negative control (a “scrambled” sequence with no 

significant homology to any known gene sequences from mouse, rat or human cell lines) were used. 10 nM 
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siRNA (scrambled or experimental) was diluted in serum-free media. 4 μl Lipofectamine (Qiagen) was added 

to this mixture and the solution was mixed by pipetting up and down several times.  This solution was incubated 

at room temp for 10 min and then added dropwise to each dish.  The medium in each dish was swirled gently to 

mix and then incubated at 37 oC for 2h. One ml of 10% (v/v) serum-containing medium was added to each 

plate, and cells were incubated at 37 oC for 48h before re-plating (50 x 103 cells each) onto 12-well plates.  

Cells were allowed to attach overnight, then treated with drugs (0-48h).  Trypan blue exclusion / TUNEL and 

SDS-PAGE/immunoblotting analyses were performed at the indicated time points. 

 

Microscopy for LC3-GFP expression. Cells were transfected with a plasmid to express an LC3-GFP fusion 

protein, and were then cultured for 24 h.  Cells were then treated with drugs, as indicated/ LC3-GFP transfected 

cells were visualized at the indicated time points on the Zeiss Axiovert 200 microscope using the FITC filter. 

 

Intra-cerebral inoculation of BT474 cells.  Athymic female NCr-nu/nu mice (NCI-Fredrick) weighing ~20g, 

were used for this study. Mice were maintained under pathogen-free conditions in facilities approved by the 

American Association for Accreditation of Laboratory Animal Care and in accordance with current regulations 

and standards of the U.S. Department of Agriculture, Washington, DC, the U.S. Department of Health and 

Human Services, Washington, DC, and the National Institutes of Health, Bethesda, MD. Mice were 

anesthetized via i.p. administration of (ketamine, 40 mg/kg; xylazine, 3mg/kg) and immobilized in a stereotactic 

frame (KOPF). A 24-gauge needle attached to a Hamilton syringe was inserted into the right basal ganglia to a 

depth of 3.5-mm and then withdrawn 0.5-mm to make space for tumor cell accumulation. The entry point at the 

skull was 2-mm lateral and 1-mm dorsal to the bregma. Intra-cerebral injection of BT474 cells in 2 μl of PBS 

was performed over 10 min. The skull opening was enclosed with sterile bone wax and the skin incision was 

closed using sterile surgical staples. Two-four weeks after tumor cell implantation animals were segregated into 

treatment groups. For animal administration, Lapatinib and Obatoclax were first dissolved in DMSO and an 

equal volume of 50:50 Cremophor/Ethanol (Sigma) was added. After mixing, a 1:10 dilution was made with 

sterile PBS. Animals were treated with vehicle (PBS/Cremophor/Ethanol/DMSO), Lapatinib, Obatoclax or 
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combination of Lapatinib and Obatoclax using oral gavage to a final concentration of 5 mg/kg body mass QD 

for obatoclax and 100 mg/kg BID for lapatinib. Immunohistochemistry was performed as described in (Mitchell 

et al, 2010). 

 

Data analysis. Comparison of the effects of various treatments was performed using ANOVA and the Student’s 

t test. Differences with a p-value of < 0.05 were considered statistically significant. Experiments shown are the 

means of multiple individual points (± SEM). 
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Results 

Lapatinib and obatoclax interacted to kill a wide variety of mammary tumor cell lines (Figures 1A and 1B). Of 

note was the fact that cell lines lacking PTEN (HCC38, BT549) were relatively resistant to the drug 

combination compared to cells expressing PTEN (HCC1187, MDA-MB-453, MDA-MB-175). Furthermore as 

expression of PTEN is often lost in breast cancers, we determined whether manipulation of PTEN function 

altered drug combination lethality (Depowski et al, 2001, Holand et al, 2011).  Re-expression of PTEN in PTEN 

null BT549 cells facilitated lapatinib and obatoclax lethality, whereas knock down of PTEN in BT474 cells 

suppressed drug combination killing (Figure 1C). Knock down of PTEN suppressed drug induced 

dephosphorylation of AKT, mTOR and p70 S6K (Figure 1D). Expression of PTEN facilitated drug induced 

dephosphorylation of AKT, mTOR and p70 S6K.  As loss of PTEN was causing resistance to the drug 

combination we hypothesized that inhibition of a drug-able downstream effector of PTEN, mTOR, could restore 

the lethal effects of lapatinib and obatoclax treatment. In agreement with our hypothesis, treatment of BT549 

cells with either rapamycin or BEZ-235 caused significant enhancements in lapatinib and obatoclax lethality 

compared to vehicle treated cells (Figure 1E).  Knock down of mTOR expression caused a similar effect to the 

use of either rapamycin or BEZ-235.    

 

Prior studies by this laboratory have explored the role of endoplasmic reticulum stress proteins in the response 

of tumor cells to a variety of drug combinations. Treatment of cells with lapatinib and obatoclax increased 

expression of BiP/GRP78 and IRE1 and enhanced phosphorylation of PERK, general evidence that an ER stress 

response was being induced (Figures 2A and 2B). We then defined the role of ER resident proteins in the 

autophagic and survival responses to the drug combination. Knock down of PERK or IRE1 suppressed the 

induction of autophagic vesicles by lapatinib and obatoclax (Figure 2C). Knock down of PERK or IRE1 also 

suppressed the increase in cell death following drug combination treatment (Figures 2D and 2E). In agreement 

with our knock down data, expression of dominant negative PERK also suppressed drug induced vesicle 

formation and the induction of cell killing (Figures 3A-3D).  
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As PERK was playing a role in the induction of cell killing we also examined the impact of the drugs on 

expression of the PERK chaperone BiP/GRP78. Drug exposure increased BiP/GRP78 levels, an effect that was 

not altered by knock down of PERK, IRE1α or ATF6 (Figures 2A and 2B; 3C and 3D, upper inset panels). We 

next performed immunohistochemistry analyses to examine the co-localization of autophagy and ER stress 

proteins in drug-treated cells. Drug treatment stimulated a partial co-localization of phosphorylated PERK 

together with the autophagy protein p62 (Figure 4A). BiP/GRP78 and IRE1α also partially co-localized with 

p62 after drug treatment (Figures 4B and 4C). 

  

We have published that following lapatinib and obatoclax treatment increased expression of autophagy related 

proteins such as conversion of LC3-I to LC3-II, altered expression of p62, and of histone γH2AX 

phosphorylation that inversely correlated with the lack of reactive oxygen species generation in mitochondria 

deficient Rho zero cells (Tang et al, 2012; Cruickshanks et al, 2012). Treatment with lapatinib and obatoclax 

caused an initial increase in LC3-II and p62 levels that subsequently decreased and which correlated with tumor 

cell killing (Tang et al, 2012; Cruickshanks et al, 2012). Thus we next defined whether the drug combination 

altered the levels of DNA damage as judged by generation of oxidized guanine and the formation of single and 

double strand DNA breaks. Drug combination treatment increased the amount of oxidized deoxy-guanine 

residues in cells (Figure 5A).  Knock down of Beclin1 or parallel experiments in Rho zero cells suppressed drug 

induced DNA damage. Drug treatment increased single strand DNA breaks, as judged using an alkaline comet 

assay and double strand DNA breaks as judged using a neutral comet assay, effects that were suppressed in Rho 

zero cells or cells in which expression of Beclin 1 was knocked down (Figures 5B, 5C and 5D). Thus drug 

induced autophagy was downstream of ROS generation (Tang et al, 2012, data not shown). 

 

In addition to ROS, the release of Ca2+ from intracellular stores has also been linked in other systems to the 

regulation of autophagy and DNA damage. Treatment of cells with lapatinib and obatoclax increased the 

amount of cytosolic Ca2+ in cells, an effect that was quenched by expression of calbindin D28 (Supplemental 
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Figure 1A). However, the generation of ROS and the induction of autophagy were independent of Ca2+ levels 

(Supplemental Figures 1B and 1C). Quenching of Ca2+ also did not alter drug combination induced cell killing 

nor did it alter the expression of DNA damage and autophagy regulatory proteins (Supplemental Figures 1D and 

1E).  

 

Ionizing radiation is a modality used frequently to treat breast cancer. Based on our prior data, we next defined 

whether [lapatinib and obatoclax] treatment radiosensitizes breast cancer cells, and if so, the mechanism of their 

interaction. Radiation and [lapatinib and obatoclax] treatment interacted to enhance the formation of autophagic 

vesicles (Figures 6A and 6B). Knock down of NOXA suppressed drug combination and combination plus 

radiation induced formation of autophagic vesicles. Radiation and [lapatinib and obatoclax] treatment interacted 

to kill tumor cells in a greater than additive fashion (Figures 6C and 6D). And, knock down of NOXA 

suppressed drug and drug plus radiation induced killing. Treatment with lapatinib and obatoclax reduced 

expression of the protective BCL-2 family member MCL-1, that was blocked by expression of dominant 

negative PERK (Figure 6E). Expression of MCL-1 suppressed drug combination lethality. 

 

Irradiation of tumor cells is known to generate significant amounts of ROS, shortly following exposure. 

Treatment of breast cancer cells with [lapatinib and obatoclax] generated ROS, 12-24h after treatment, an effect 

that was enhanced by irradiation of the cells (Figure 7A). Quenching of ROS using expression of thioredoxin or 

using N-acetyl cysteine protected cells from [lapatinib and obatoclax] and radiation lethality (Figures 7B and 

7C, data not shown). This is in general agreement with data in Figures 6C and 6D using mitochondria deficient 

Rho zero cells that lack an ROS response (Tang et al, 2012).  

 

Lapatinib and obatoclax treatment increased p38 MAPK and JNK1/2 phosphorylation, and the expression of 

NOXA and LC3-II; effects that were enhanced by radiation exposure (Figures 8A and 8B). In Rho zero cells the 

increases in JNK1/2 and p38 MAPK phosphorylation were blunted and the drug induced increase in NOXA and 

LC3II levels diminished. Expression of dominant negative p38 MAPK or incubation with the JNK inhibitory 
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peptide suppressed [lapatinib and obatoclax] toxicity and [lapatinib and obatoclax] plus radiation toxicity 

(Figures 8C and 8D). Upstream of p38 MAPK and JNK1/2 is the ROS sensitive MAP3K protein apoptosis 

signaling kinase 1 (ASK1); ASK1 is regulated by ROS in part by its association with thioredoxin. Expression of 

dominant negative ASK1 suppressed drug-induced activation of p38 MAPK and JNK1/2 and inhibited the 

induction of apoptosis (Figure 8E, data not shown). Data with dnASK1 were confirmed by knocking down the 

expression of ASK1 (Figure 8F). 

 

The metastatic spread of breast cancer is a major cause of patient morbidity: spread from the breast to the lungs, 

bones and brain are frequently observed. To assess whether [lapatinib and obatoclax] treatment could impact on 

the growth of breast cancer cells in tissues other than the breast / mammary fat pad we infused BT474 tumor 

cells into the brains of athymic mice, allowed tumors to form, and then treated animals with the drug 

combination. Treatment of animals with [lapatinib and obatoclax] caused tumor growth inhibition as judged by 

reduced Ki67 levels that correlated with prolonged animal survival beyond a simple tumor growth delay effect 

(Figure 9). Collectively our data argue that [lapatinib and obatoclax] could represent a useful strategy to control 

the growth of mammary tumors in vivo. 
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Discussion 

In the present manuscript we aimed to further determine the mechanisms by which lapatinib and obatoclax 

interact to kill tumor cells and whether the drug combination radiosensitized tumor cells. Lapatinib is an 

inhibitor of ERBB1/2/4 and is approved for treatment of advanced breast cancer when combined with 

capecitabine (Arteaga et al, 2011). Obatoclax is an inhibitor of the protective BCL-2 / BCL-XL / MCL-1 

proteins and has undergone Phase II evaluation (Chonghaile and Letai, 2008). Our initial studies with this drug 

combination were focused on the fact that lapatinib resistant tumor cells were shown to have elevated 

expression of BCL-XL and MCL-1 (Martin et al, 2008).  Inhibition of BCL-XL and MCL-1 using molecular 

tools or using obatoclax, but not the BCL-2 / BCL-XL inhibitor ABT-263, reverted resistance and enhanced 

lapatinib toxicity in a greater than additive fashion (Tang et al, 2012; Cruickshanks et al, 2012). 

 

There are multiple mechanisms by which breast cancer and other tumor cell types can become resistant to 

chemotherapies. Over-expression of growth factor receptors e.g. ERBB2, or activation of the PI3K pathway 

through either mutation of PI3K itself or loss of PTEN function have been considered as resistance factors. We 

noted that in tumor cell types expressing a mutant active PI3K e.g. MCF7, that lapatinib and obatoclax 

interacted to cause significant amounts of cell killing (Mitchell et al, 2010; Tang et al, 2012). However, 

lapatinib and obatoclax lethality was reduced in breast cancer cells lacking expression of PTEN. Knock down of 

PTEN also resulted in less toxicity following drug treatment whereas expression of PTEN in a PTEN null cell 

restored sensitivity to the drug combination. Previously we had observed similar effects regarding PTEN 

expression in glioblastoma cells, and collectively our findings argue that in any future translation of this drug 

combination to the clinic, PTEN functional status should be assessed prior to intervention / enrollment. This 

data also argues that mutational activation of PI3K and loss of PTEN does not have the same biological effect in 

tumor cells, at least for the response towards this particular drug combination. 
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Our prior studies have shown that lapatinib and obatoclax treatment induces the formation of autophagic 

vesicles and that cell killing proceeds through a toxic form of autophagy that included mitochondria associated 

proteins i.e. mitophagy (Tang et al, 2012). Increased expression of toxic BH3 domain proteins including NOXA 

and BAK played key roles in this process.  We have observed similar levels of toxic autophagy in cells treated 

with the cytokine MDA-7/IL-24 where other toxic BH3 domain proteins, BAX, BAK, BAD and BIM, played a 

role in tumor cell death (Dent et al, 2010).  In other studies, however, notably after activation of the death 

receptor CD95, we have also linked increased autophagy levels to activation of the endoplasmic reticulum stress 

response; an autophagy response that was protective against CD95-induced apoptosis (Park et al, 2008). In the 

present studies knock down of the ER sensor proteins PERK or IRE1α suppressed drug combination induced 

formation of autophagic vesicles. Similar data with respect to survival and induction of autophagy were 

obtained in cells expressing dominant negative PERK. In agreement with an ER stress response occurring, 

expression of GRP78/BiP was increased following drug treatment. PERK and IRE1α also partially co-localized 

with the autophagy related protein p62 as judged by IHC in drug treated cells. These findings argue that 

portions of the ER, in addition to mitochondria, must also play a role in the formation of toxic autophagic 

vesicles after lapatinib and obatoclax treatment. 

 

As there was an interaction of p62 with ER localized proteins we initially envisaged that release of Ca2+ from 

the ER (or mitochondria) may play a role in the regulation of the observed autophagy response. Lapatinib and 

obatoclax treatment did indeed induce release of Ca2+ into the cytosol that could be quenched using the 

molecular tool calbindin.  However, quenching of Ca2+ did not block drug induced ROS production, autophagy 

or drug combination lethality.  Quenching Ca2+ also did not alter drug induced changes in the expression of 

LAMP2, LC3II or p62. Thus we conclude that with respect to our drug combination that Ca2+ release from the 

ER (or mitochondria) is not an important regulatory factor. 
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A multitude of drugs can induce various forms of DNA damage.  Unlike drugs such as e.g. cisplatin, neither 

lapatinib nor obatoclax are agents that would be expected to directly interact with DNA to cause DNA damage. 

However, treatment of cells with lapatinib and obatoclax did increase DNA damage as measured using several 

assays. In Rho zero cells the phosphorylation of histone γH2AX was unaltered in comparison to wild type cells 

where its phosphorylation was enhanced by [lapatinib and obatoclax] treatment, an effect that was further 

stimulated by radiation exposure. DNA damage was dependent on the generation of ROS and also on the 

induction of autophagy. Our prior studies with lapatinib and obatoclax have placed the generation of ROS as 

upstream of drug combination induced autophagy. ROS signaling was also upstream of the ER sensing proteins 

PERK and IRE1α. In the literature DNA damage has most often been shown to induce autophagy, with this 

autophagy in general having a protective role (Yoon et al, 2012; Rodriguez-Rocha et al, 2011; Robert et al, 

2011). This is the opposite to our findings of ROS/autophagy stimulating DNA damage and autophagy as a 

toxic event. Whether other drug combinations cause autophagy upstream of DNA damage will require studies 

beyond the scope of the present manuscript.  

 

There are multiple signaling pathways in cells, with some e.g. ERK1/2 being most often associated with growth 

and survival and others e.g. JNK1/2 usually being associated with tumor cell killing. There have been multiple 

studies arguing that activation of JNK1/2 plays a central role in radiation induced apoptosis (Valerie et al, 2007 

and refs. therein).  Previously we had shown that expression of activated forms of p70 S6K and mTOR 

protected cells from [lapatinib and obatoclax] lethality (Tang et al, 2012). Drug combination exposure increased 

the activities of p38 MAPK and JNK1/2.  Irradiation of drug treated cells further increased the activities of both 

kinases. In Rho zero cells activation of p38 MAPK and JNK1/2 were diminished compared to wild type cells, 

arguing that ROS generation was required for their activation. And, expression of a dominant negative form of 

the ROS sensitive kinase ASK1 or over-expression of thioredoxin prevented activation of both p38 MAPK and 

JNK1/2. Molecular inhibition of p38 MAPK and of JNK1/2 suppressed cell killing by the drug combination 

alone or together with radiation. This data suggests that an additional ROS-dependent and separate route, via the 
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p38 MAPK and JNK1/2 pathways, exists downstream of mitochondria to signal tumor cell death after 

lapatinib and obatoclax treatment. 

  

Metastatic spread of breast cancer is invariably associated with a poor long-term prognosis.  One site of breast 

cancer spread, particularly ERBB2+ tumor cell types, is to the brain. We found that treatment of intra-cranial 

established ERBB2+ BT474 tumors with [lapatinib and obatoclax] prolonged animal survival beyond that of a 

simple tumor growth delay. Prior studies in glioma cells have also indicated that tumor cells growing in the 

brains of athymic mice were sensitive to [lapatinib and obatoclax] treatment.  It will be of interest, should the 

[lapatinib and obatoclax] drug combination translate to the clinic, to determine whether patients with metastatic 

tumors in the brain also exhibit a similar degree of tumor response as those growing in the breast (Tang et al, 

2012).  

 

In conclusion, [lapatinib and obatoclax] treatment kills mammary tumor cells via a mechanism in which ER 

stress signaling stimulates a toxic form of autophagy.  The DNA damage associated with this treatment occurs 

downstream of ROS generation and autophagy. Drug combination treatment radiosensitizes tumor cells through 

the actions of the toxic BH3 domain protein NOXA and through the actions of p38 MAPK and JNK1/2. 

Mammary tumors growing in the brains of mice were susceptible to [lapatinib and obatoclax] treatment. 
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Figure Legends 

Figure 1.  Lapatinib and obatoclax interact to kill multiple tumor cell types but not those cells lacking 

PTEN function / expression. (A) BT474 and MCF7 cells were treated with vehicle (DMSO), lapatinib (lap, 

1 μM) and/or obatoclax (GX, 50 nM) as indicated. Cells were isolated 12-24h after exposure and viability 

determined by trypan blue exclusion (n = 3, +/- SEM) * p < 0.05 greater than vehicle control. (B) Mammary 

carcinoma cells, as indicated, were treated with vehicle (DMSO), lapatinib (lap, 1 μM) and/or obatoclax 

(GX, 50 nM). Cells were isolated 24h after exposure and viability determined by trypan blue exclusion (n = 

3, +/- SEM) * p < 0.05 greater than vehicle control. (C) Lower graph: BT549 cells were transfected with 

either control (GFP) or with a plasmid to express PTEN (GFP-PTEN). BT474 cells were transfected with 

either a control plasmid shRNA or a plasmid to express a shRNA to knock down PTEN.  Twenty four h 

after transfection cells were treated with vehicle (DMSO) or with lapatinib (lap, 1 μM) and obatoclax (GX, 

50 nM). Cells were isolated 12-24h after exposure and viability determined by trypan blue exclusion with 

data being expressed as the true percentage of cell death above its matched vehicle control (n = 3, +/- SEM). 

Upper blots: Expression and knock down of PTEN in breast cancer cells. (D) In BT474 cells (left blots) 

lapatinib (1 μM) and obatoclax (50 nM) treatment decreases AKT, mTOR and p70 S6K activity that is 

reduced by knock down of PTEN. In BT549 cells (right blots) expression of PTEN restores lapatinib (1 μM) 

and obatoclax (50 nM) treatment induced loss of AKT, mTOR and p70 S6K activity. (E) BT549 cells were 

treated with vehicle (DMSO) or with lapatinib (1 μM) and obatoclax (GX, 50 nM) in the presence or 

absence of rapamycin (rap, 10 nM) or BEZ-235 (BEZ, 50 nM). Parallel sets of cells were transfected to 

knock down mTOR expression. Cells were isolated 24 after exposure and viability determined by trypan 

blue exclusion (n = 3, +/- SEM).   

 

Figure 2.  Lapatinib and obatoclax treatment induces an ER stress response that regulates drug 

lethality. (A) BT474 cells and (B) MCF7 cells were treated with vehicle (DMSO), lapatinib (lap, 1 μM) 
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and/or obatoclax (GX, 50 nM) as indicated. Cells were isolated 12-24h after exposure and the expression of 

IRE1 and GRP78/BiP and phosphorylation of PERK determined. (C) BT474 cells were transfected with 

LC3-GFP together with the indicated siRNA molecules (siSCR, scrambled; siPERK, siIRE1, siATF6). 

Twenty four h after transfection cells were treated with vehicle (DMSO) or with lapatinib (1 μM) and 

obatoclax (50 nM). Twelve h after drug treatment the number of LC3-GFP punctae were determined (n = 3, 

+/- SEM). (D) BT474 cells and (E) MCF7 cells were transfected with the indicated siRNA molecules 

(siSCR, scrambled; siPERK, siIRE1, siATF6). Twenty four h after transfection cells were treated with 

vehicle (DMSO) or with lapatinib (1 μM) and obatoclax (50 nM). Twelve h (BT474) and 24h (MCF7) after 

drug treatment cells were isolated and viability determined by trypan blue exclusion (n = 3, +/- SEM).  

 

Figure 3. Dominant negative PERK suppresses the toxic interaction between lapatinib and obatoclax. 

(A) BT474 cells and (B) MCF7 cells were transfected with a plasmid to express LC3-GFP and as indicated 

with empty vector (CMV) or a plasmid to express dominant negative PERK. Twenty four h after 

transfection cells were treated with vehicle (DMSO) or with lapatinib (1 μM) and obatoclax (50 nM). 

Twelve h (BT474) and 24h (MCF7) after drug treatment the number of LC3-GFP punctae were determined 

(n = 3, +/- SEM) * p < 0.05 less in dnPERK compared to CMV value. (C) BT474 cells and (D) MCF7 cells 

Lower graph: Cells were transfected with empty vector (CMV) or a plasmid to express dominant negative 

PERK. Twenty four h after transfection cells were treated with vehicle (DMSO) or with lapatinib (1 μM) 

and obatoclax (50 nM). Twelve h (BT474) and 24h (MCF7) after drug treatment cells were isolated and 

viability determined by trypan blue exclusion (n = 3, +/- SEM) * p < 0.05 less in dnPERK compared to 

CMV value. Upper blot: Cells were transfected with the indicated siRNA molecules (siSCR, scrambled; 

siPERK, siIRE1, siATF6). Twenty four h after transfection cells were treated with vehicle (DMSO) or with 

lapatinib (1 μM) and obatoclax (50 nM). Twelve h (BT474) and 24h (MCF7) after drug treatment cells were 

isolated and blotting performed to determine GRP78/BiP levels. 
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Figure 4. Association of p62 with PERK, IRE1 and GRP78/BiP. BT474 cells were treated with vehicle 

(DMSO) or with lapatinib (1 μM) and obatoclax (50 nM). Twelve h after drug treatment cells were fixed 

and stained: (A) for p62 and Phospho-PERK; (B) for p62 and GRP78/BiP; (C) for p62 and IRE1. 

 

Figure 5. Lapatinib and obatoclax interact to cause DNA damage in tumor cells that is dependent on 

ROS generation and autophagy. (A) BT474 cells (WT and Rho zero) were transfected with the indicated 

siRNA molecules (siSCR, scrambled; siBeclin1). Twenty four h after transfection cells were treated with 

vehicle (DMSO) or with lapatinib (1 μM) and obatoclax (50 nM). Six h after drug treatment cells were 

isolated and stained for 8-oxo-dG; the levels of 8-oxo-dG were analyzed by flow cytometery (n = 3, +/- 

SEM). (B) BT474 and MCF7 cells (WT and Rho zero) were treated with vehicle (DMSO) or with lapatinib 

(1 μM) and obatoclax (50 nM). Six h (BT474) and 12h (MCF7) after drug treatment cells were isolated and 

subjected to an alkaline Comet assay. The relative length of the Comet tail was determined (n = 3, +/- 

SEM). (C) BT474 cells (WT and Rho zero) were transfected with the indicated siRNA molecules (siSCR, 

scrambled; siBeclin1). Twenty four h after transfection cells were treated with vehicle (DMSO) or with 

lapatinib (1 μM) and obatoclax (50 nM). Six h after drug treatment cells were isolated and subjected to an 

alkaline Comet assay. The relative length of the Comet tail was determined (n = 3, +/- SEM) * p < 0.05 less 

than corresponding value in siSCR cells. (D) BT474 cells (WT and Rho zero) were treated with vehicle 

(DMSO) or with lapatinib (1 μM) and obatoclax (50 nM). Six h after drug treatment cells were isolated and 

subjected to an neutral Comet assay. The relative length of the Comet tail was determined (n = 3, +/- SEM) 

* p < 0.05 less than corresponding value in siSCR cells. 

 

Figure 6. Lapatinib and obatoclax radiosensitizes breast cancer cells. (A) BT474 (WT and Rho zero) 

and (B) MCF7 (WT and Rho zero) were transfected with LC3-GFP and with the indicated siRNA molecules 

(siSCR, scrambled; siNOXA). Twenty four h after transfection cells were treated with vehicle (DMSO) or 
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with lapatinib (1 μM) and obatoclax (50 nM). Thirty min later cells were mock exposed or irradiated (4 Gy). 

Twelve h and 24h after drug treatment the number of LC3-GFP punctae were determined (n = 3, +/- SEM). 

(C) BT474 (WT and Rho zero) and (D) MCF7 (WT and Rho zero) were transfected with the indicated 

siRNA molecules (siSCR, scrambled; siNOXA). Twenty four h after transfection cells were treated with 

vehicle (DMSO) or with lapatinib (1 μM) and obatoclax (50 nM). Thirty min later cells were mock exposed 

or irradiated (4 Gy). Twelve h (BT474) and 24h (MCF7) after drug treatment cells were isolated and 

viability determined by trypan blue exclusion (n = 3, +/- SEM). (E) Lower graph: BT474 cells were 

transfected with an empty vector (CMV) or a plasmid to express MCL-1. Twenty four h after transfection 

cells were treated with vehicle (DMSO) or with lapatinib (1 μM) and obatoclax (50 nM). Twelve h after 

drug treatment cells were isolated and viability determined by trypan blue exclusion (n = 3, +/- SEM). 

Upper blot: BT474 cells were transfected with an empty vector (CMV) or a plasmid to express dominant 

negative PERK. Twenty four h after transfection cells were treated with vehicle (DMSO) or with lapatinib 

(1 μM) and obatoclax (50 nM). Twelve h after drug treatment cells were isolated and lysates subjected to 

SDS PAGE and blotting to determine expression of the indicated proteins. 

 

Figure 7. Radiation interacts with [lapatinib and obatoclax] treatment through ROS generation to kill 

tumor cells. (A) BT474 cells (WT and Rho zero) were treated with vehicle (DMSO) or with lapatinib (1 

μM) and obatoclax (50 nM). Thirty min later cells were mock exposed or irradiated (4 Gy). After 6h and 

12h, ROS levels were measured using H2DFDA (n = 3, +/- SEM). (B) BT474 cells and (C) MCF7 cells 

were transfected as indicated with empty vector (CMV) or a plasmid to express thioredoxin (TRX). As 

indicated cells were transfected with the indicated siRNA molecules (siSCR, scrambled; siBeclin1). Twenty 

four h after transfection cells were treated with vehicle (DMSO) or with lapatinib (1 μM) and obatoclax (50 

nM). Twelve h (BT474) and 24h (MCF7) after drug treatment cells were isolated and viability determined 

by trypan blue exclusion (n = 3, +/- SEM). 
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Figure 8. Increased NOXA and the phosphorylation of H2AX, p38 MAPK and JNK1/2 are dependent 

on ROS generation. (A) BT474 cells (WT and Rho zero) and (B) MCF7 cells (WT and Rho zero) were 

treated with vehicle (DMSO) or with lapatinib (1 μM) and obatoclax (50 nM). Thirty min later cells were 

mock exposed or irradiated (4 Gy). After 6h cells were isolated and subjected to SDS PAGE and blotting 

against the indicated proteins. (C) BT474 cells were infected with a recombinant adenovirus to express 

nothing (CMV) or to express dominant negative p38 MAPK. Twenty four h later portions of cells were 

treated with DMSO or the JNK inhibitory peptide (JNK-IP, 10 μM). Cells were then treated with vehicle 

(DMSO) or with lapatinib (1 μM) and obatoclax (50 nM). Twelve h later cells were isolated and viability 

determined by trypan blue exclusion (n = 3, +/- SEM). (D) BT474 were infected with a recombinant 

adenovirus to express nothing (CMV) or to express dominant negative p38 MAPK. Twenty four h later 

portions of cells were treated with DMSO or the JNK inhibitory peptide (JNK-IP, 10 μM). Cells were then 

treated with vehicle (DMSO) or with lapatinib (1 μM) and obatoclax (50 nM). Thirty minutes later cells 

were irradiated. Twelve h later cells were isolated and viability determined by trypan blue exclusion (n = 3, 

+/- SEM). (E) BT474 cells were transfected with empty vector (CMV) or with a plasmid to express 

dominant negative ASK1. Twenty four h later cells were then treated with vehicle (DMSO) or with lapatinib 

(1 μM) and obatoclax (50 nM). Twelve h later cells were isolated and viability determined by trypan blue 

exclusion (n = 3, +/- SEM). (F) BT474 cells were transfected with scrambled siRNA (siSCR) or with an 

siRNA to knock down ASK1 (siASK1). Twenty four h later cells were then treated with vehicle (DMSO) or 

with lapatinib (1 μM) and obatoclax (50 nM) and/or with radiation exposure (4 Gy). Twelve h later cells 

were isolated and viability determined by trypan blue exclusion (n = 3, +/- SEM). 

  

Figure 9. Lapatinib and obatoclax prolong survival of animals with intra-cranial mammary tumors.  

BT474 cells (1 x 106) were implanted into the brains of mice. Eight days after implantation animals were 

treated with vehicle (cremophore); or lapatinib (100 mg/kg BID) and obatoclax (5 mg/kg QD) combination 
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for 5 days. Animals were humanely sacrificed when near to death due to tumor burden (Two studies, n = 6 

+/- SEM) * p < 0.05 greater than vehicle treatment. Upper Inset: 5 days after the start of treatment brains 

were removed, sectioned (10 μm) and immunohistochemistry performed to assess levels of Ki67 staining. 
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Supplemental Figure 1 Lapatinib and obatoclax treatment increases cytosolic Ca2+ 

levels; Ca2+ levels do not regulate autophagy. (A) BT474 cells were transfected with empty 

vector (CMV) or a plasmid to express calbindin D28. Twenty four h after transfection cells 

were treated with vehicle (DMSO) or with lapatinib (1 µM) and obatoclax (50 nM). After 6h 

cytosolic Ca2+ levels were assessed using Fura-2 (n = 3, +/- SEM). (B) BT474 cells were 

transfected with empty vector (CMV) or a plasmid to express calbindin D28. Twenty four h 

after transfection cells were treated with vehicle (DMSO) or with lapatinib (1 µM) and 

obatoclax (50 nM). After 6h ROS levels were measured using H2DFDA (n = 3, +/- SEM). 

(C) BT474 cells were transfected with a plasmid to express LC3-GFP and with either empty 

vector (CMV) or a plasmid to express calbindin D28. Twenty four h after transfection cells 

were treated with vehicle (DMSO) or with lapatinib (1 µM) and obatoclax (50 nM). Twelve 

h after drug treatment the number of LC3-GFP punctae were determined (n = 3, +/- SEM). 

(D) BT474 cells were transfected with empty vector (CMV) or a plasmid to express calbindin 

D28. Twenty four h after transfection cells were treated with vehicle (DMSO) or with 

lapatinib (1 µM) and obatoclax (50 nM). Twelve h after drug treatment cells were isolated 

and viability determined by trypan blue exclusion (n = 3, +/- SEM). (E) BT474 cells were 

transfected with empty vector (CMV) or a plasmid to express calbindin D28. Twenty four h 

after transfection cells were treated with vehicle (DMSO) or with lapatinib (1 µM) and 



obatoclax (50 nM). Twelve h after drug treatment cells were isolated and lysates subjected to 

SDS PAGE and blotting to determine expression of the indicated proteins. 
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