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Introduction

OSU-03012, a derivative of the drug Celecoxib, lacks COX2 
inhibitory activity.1,2 COX2 is overexpressed in several tumor 
types and drugs that inhibit COX2 i.e., Celecoxib have been 
shown to cause tumor cell specific increases in cell death, and 
that are also associated with a lower rate of growth.3-6 Prolonged 
treatment with COX2 inhibitors can reduce the incidence of 
developing cancer, which, in addition, argues that COX2 inhibi-
tors have cancer preventative effects.7,8 However, it has been noted 
that the expression levels of COX2 do not simplistically correlate 
with tumor cell sensitivity to COX2 inhibitors.9,10 Thus, COX2 
inhibitors must have at least one additional target.

Compared with Celecoxib, OSU-03012 has a similar level of 
bio-availability in animal models and has an order of magnitude 
greater efficacy at killing tumor cells.11-13 Based on encourag-
ing pre-clinical data OSU-03012 is currently undergoing phase 
I evaluation in patients with solid and liquid tumors. Initially, 
the tumoricidal effects of OSU-03012 in transformed cells were 
argued to be via inhibition of the enzyme PDK-1, within the 
PI3K pathway. And, in the micro-molar range, it has been shown 

We have further defined mechanism(s) by which the drug OSU-03012 (OSU) kills brain cancer cells. OSU toxicity was 
enhanced by the HSP90 inhibitor 17-N-Allylamino-17-demethoxygeldanamycin (17AAG) that correlated with reduced 
expression of ERBB1 and ERBB2. Inhibition of the extrinsic apoptosis pathway blocked the interaction between 17AAG 
and OSU. OSU toxicity was enhanced by the inhibitor of ERBB1/2/4, lapatinib. Knock down of ERBB1/2/4 in a cell line 
specific fashion promoted OSU toxicity. Combined exposure of cells to lapatinib and OSU resulted in reduced AKT and 
ERK1/2 activity; expression of activated forms of AKT and to a lesser extent MEK1 protected cells from the lethal effects 
of the drug combination. Knock down of PTEN suppressed, and expression of PTEN enhanced, the lethal interaction 
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overexpression of MCL-1 suppressed, drug combination lethality. Lapatinib and OSU interacted in vivo to suppress the 
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OSU-03012 interacts with lapatinib  
to kill brain cancer cells

Laurence Booth,1 Nichola Cruickshanks,1 Thomas Ridder,1 Ching-Shih Chen,3 Steven Grant2 and Paul Dent1,*

1Department of Neurosurgery; Virginia Commonwealth University; Richmond, VA USA; 2Department of Medicine; Virginia Commonwealth University; Richmond, VA USA; 
3Division of Medicinal Chemistry; College of Pharmacy; Ohio State University; Columbus, OH USA

Keywords: glioblastoma, medulloblastoma, lapatinib, OSU-03012, apoptosis, autophagy, ERBB1, PTEN

Abbreviations: ERK, extracellular regulated kinase; MEK, mitogen activated extracellular regulated kinase; EGF, epidermal 
growth factor; OSU, OSU-03012; PARP, poly ADP ribosyl polymerase; PI3K, phosphatidyl inositol 3 kinase; -/-, null/gene 
deleted; MAPK, mitogen activated protein kinase; PTEN, phosphatase and tensin homolog; R, receptor; JNK, c-Jun NH2-

terminal kinase; dn, dominant negative; COX, cyclooxygenase; P, phospho-; ca, constitutively active; WT, wild type; PERK, PKR 
like endoplasmic reticulum kinase; HSP, heat shock protein

that OSU-03012 can lower AKT phosphorylation. In our previ-
ous studies, inhibition of either ERK1/2 or phosphatidyl-inosi-
tol 3 kinase signaling enhanced the toxicity of OSU-03012.12-14 
However, our data has also strongly argued that OSU-03012 tox-
icity, and its radiosensitizing effects, could not easily be attrib-
uted to suppression of AKT signaling.12-14 Specifically, our prior 
studies have argued that OSU-03012 killed tumor cells through 
mechanisms which involved endoplasmic reticulum (ER) stress 
signaling, downregulation of the HSP70 family chaperone BiP/
GRP78, and a caspase-independent form of cell death.12-14

Signaling by growth factor receptors can be regulated by the 
actions of paracrine ligands, plasma membrane receptor density 
and mutational activation of the receptor.15 This is particularly 
true for ERBB family receptors. In glioblastoma cells expression 
of a truncated activated form of ERBB1 (ERBB1 vIII) is often 
observed as are activating point mutations in the ERBB1 cata-
lytic domain. Because of these changes in cell biology, the kinase 
domains of ERBB receptors have been targeted by drug compa-
nies with the intention of developing kinase specific inhibitors.16 
Inhibition of such receptors can lower the steady-state activi-
ties of downstream pathways such as ERK1/2 and PI3K/AKT, 
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lapatinib synergized to kill GBM and medulloblastoma cells 
(Fig. 2F and G).

Based on our data with lapatinib we next defined, using an 
siRNA knock down approach, the relative survival / regula-
tory roles of each ERBB receptor in our systems. In GBM12 
cells knock down of ERBB1 and ERBB2 enhanced OSU-03012 
toxicity to a greater extent than knock down of the individual 
receptors (Fig. 3A). In DAOY cells knock down of ERBB1 and 
ERBB4 but not the individual receptors enhanced OSU-03012 
toxicity (Fig. 3B). Downstream of the ERBB receptors are sig-
nal transduction pathways; e.g., “protective” pathways such as 
ERK1/2 and AKT. Drug combination treatment reduced both 
ERK1/2 and AKT activity (Fig. 4A). This reduction correlated 
with lower MCL-1 expression. Expression of activated AKT, to 
a significantly greater extent than expression of activated MEK1 
EE, protected cells from drug combination lethality (Fig. 4B–D).

Based on our observation that PTEN null GBM cells were 
apparently less sensitive to being killed by the drug combination 
than were cells expressing the wild type protein, and our viability 
data in cells expressing activated AKT, we determined whether 
altered PTEN status impacted on drug combination lethality. 
Knock down of PTEN resulted in cells that were relatively resis-
tant to OSU-03012 and lapatinib treatment (Fig. 5A). Expression 
of PTEN in GBM14 cells, that are PTEN null, enhanced drug 
combination lethality (Fig. 5B). In agreement with the PI3K 
pathway playing a key role in survival, treatment of GBM14 cells 
with rapamycin or knock down of mTOR facilitated drug com-
bination toxicity (Fig. 5C). Expression of activated p70 S6K or 
of activated mTOR also protected cells that expressed wild type 
PTEN from the drug combination (Fig. 5D).

Lapatinib and OSU-03012 treatment increased cell surface 
levels of CD95 (Fig. 6A). Lapatinib and OSU-03012 toxicity, 
as was previously observed with 17AAG and OSU-03012, was 
inhibited by knock down of the death receptor CD95, by over-
expression of the caspase 8 inhibitor c-FLIP-s or by overexpres-
sion of the mitochondrial protective proteins BCL-XL or MCL-1 
(Fig. 6B–D). To further refine our data we knocked down 
expression of pro- and anti-apoptotic effector proteins. Knock 
down of NOXA, PUMA or BIK protected cells whereas knock 
down of MCL-1 and BCL-XL facilitated drug lethality (Fig. 6E). 
Knock down of AIF also significantly protected cells from the 
drug combination (Fig. 6F).

Prior studies from our laboratory have linked OSU-03012 
toxicity to increased levels of a toxic form of autophagy. In con-
trast, other findings have argued that autophagy downstream of 
CD95 is a protective event. Lapatinib enhanced the mean num-
ber of autophagic vesicles induced by OSU-03012 (Fig. 7A); 
knock down of either Beclin1 or ATG5 abolished the increase 
in vesicle numbers (data not shown). Knock down of ERBB1/2 
in GBM12 cells and ERBB1/4 in DAOY cells also enhanced the 
generation of autophagic vesicles after OSU treatment (Fig. 7B 
and C). Knock down of Beclin1 or ATG5 reduced OSU-03012 
toxicity by > 70% (Fig. 7D). In contrast, knock down of Beclin1 
or ATG5 only reduced OSU-03012 and lapatinib toxicity by 
~50%. Treatment of cells with a pan-caspase inhibitor (zVAD) 
did not alter OSU-03012-induced killing but also reduced drug 

whose inhibition would a priori be predicted to enhance OSU-
03012 lethality. In particular, the drug lapatinib (Tykerb), a dual 
ERBB1 and ERBB2 inhibitor has shown particular promise and 
is an approved therapeutic in combination with capecitabine for 
recurrent breast cancer patients.17 Whether multi-kinase inhibi-
tory agents such as lapatinib and OSU-03012 interact is presently 
unknown.

Tumors of the brain are notoriously difficult to therapeuti-
cally control. Untreated adult glioblastoma (GBM) patients have 
a mean survival of several months that is only prolonged up to 
12–18 mo by aggressive therapeutic intervention.18 In pediatric 
medulloblastoma patients up to an 80% 5 y survival rate has 
been achieved using traditional cytotoxic radio- and chemother-
apies however this effect in parallel results in multiple debilitat-
ing negative sequelae for the child.19 Thus for both GBM and 
medulloblastoma patients new therapeutic approaches that could 
translate to the clinic are urgently required.

In the present studies using GBM and medulloblastoma 
cells, we initially defined whether inhibition of HSP90 using 
17-N-Allylamino-17-demethoxygeldanamycin (17AAG) can 
enhance OSU-03012 lethality and second whether inhibition 
of ERBB family growth factor receptors can enhance OSU-
03012 lethality in primary human GBM cell isolates. Our find-
ings demonstrate that inhibition of multiple ERBB receptors 
by either 17AAG or by lapatinib can play a role in enhancing 
OSU-03012 toxicity through activation of the extrinsic apop-
tosis pathway.

Results

The present studies were designed to develop novel drug com-
binations for the agent OSU-03012. Initial studies examined 
the interaction between OSU-03012 and the HSP90 inhibitor 
17AAG. Treatment of GBM cells with OSU-03012 and 17AAG 
caused a time dependent increase in drug combination toxicity 
(Fig. 1A and B). Treatment of cells with 17AAG reduced expres-
sion of ERBB1 and ERBB2, an effect that was magnified in cells 
treated with the drug combination (Fig. 1A, upper blots). In con-
trast to our findings with ERBB family receptors, the drug com-
bination increased plasma membrane per cell surface levels of the 
death receptor CD95 on un-permeabilized cells (Fig. 1C, upper 
IHC). Expression of the caspase 8 inhibitor c-FLIP-s reduced 
drug combination lethality but did not alter the toxicity of OSU-
03012 as a single agent (Fig. 1C, lower graph). In colony forma-
tion assays OSU-03012 and 17AAG synergized to kill GBM cells 
(Fig. 1D and E).

Based on the data in Figure 1A with respect to ERBB1 and 
ERBB2 expression, we next determined whether an inhibitor of 
ERBB1 and ERBB2, lapatinib, interacted with OSU-03012 to 
kill GBM cells. Lapatinib interacted with OSU-03012 in mul-
tiple GBM isolates to enhance tumor cell killing (Fig. 2A–D). 
In GBM cells lacking PTEN function, i.e., GBM14, the relative 
increase in killing following drug treatment was apparently lower 
than in cells expressing a wild type PTEN protein. Similar data 
to that in GBM cells were obtained in pediatric medulloblastoma 
cell lines (Fig. 2E). In colony formation assays OSU-03012 and 
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Exposure of the tumor to low doses of either lapatinib or OSU-
03012 had no effect on tumor growth. Combined exposure to 
both drugs resulted in a significant reduction in the growth 
of tumors (Fig. 8). Collectively our findings demonstrate that 
OSU-3012 toxicity in vitro and in vivo can be enhanced by 
ERBB1/2 inhibition.

combination lethality by ~50% (data not shown). These findings 
argue that inhibition of ERBB receptors recruits apoptotic path-
ways that interact with drug-induced autophagy to cause tumor 
cell killing.

Finally we determined whether lapatinib and OSU-03012 
interacted in vivo to blunt the growth of DAOY tumors. 

Figure 1. OSU-03012 toxicity in transformed cells is enhanced by 17AAG. (A) GBM6 cells were treated with vehicle (DMSO); OSU-03012 (OSU) (1 μM) 
and/or 17AAG (50 nM) as indicated. Cells were isolated 24 and 48 h later and viability determined by trypan blue exclusion assay (n = 3 ± SEM). Upper 
blots: The expression of ERBB1 and ERBB2 was determined 24 h after drug exposure. (B) GBM12 cells were treated with vehicle (DMSO); OSU-03012 
(OSU) (1 μM) and/or 17AAG (50 nM) as indicated. Cells were isolated 24 and 48 h later and viability determined by trypan blue exclusion assay (n = 3 ± 
SEM). (C) GBM12 cells were infected with empty vector virus (CMV) or a virus to express c-FLIP-s. Twenty-four hours later cells were treated with vehicle 
(DMSO); OSU-03012 (OSU) (1 μM) and/or 17AAG (50 nM) as indicated. Cells were isolated 48 h later and viability determined by trypan blue exclusion 
assay (n = 3 ± SEM). Upper IHC: Cells were treated with drugs and 24h later fixed. Immunohistochemistry was performed on fixed un-permeabilized 
cells to determine the level of plasma membrane localization of CD95. (D and E) GBM6 and GBM12 cells were plated as single cells in sextuplicate. 
Twelve hours after plating cells were treated with 17AAG (0–20 nM) and OSU (0–1.0 μM) at a fixed concentration ratio. After 48 h media was removed, 
the cells washed and drug free media added. Colonies formed over ~14 d. A colony was defined as a group of > 50 cells. A combination index of < 1.00 
indicates a synergy of drug interaction (n = 3 ± SEM).
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Figure 2. OSU-03012 toxicity in transformed cells is enhanced by Lapatinib. (A) GBM5; (B) GBM6; (C) GBM12; (D) GBM14 cells were treated with vehicle 
(DMSO); OSU-03012 (OSU) (1 μM) and/or Lapatinib (1.0 μM) as indicated. Cells were isolated 24 and 48 h later and viability determined by trypan blue 
exclusion assay (n = 3 ± SEM). (E) DAOY, D283 and VC312 cells were treated with vehicle (DMSO); OSU-03012 (OSU) (1 μM) and/or Lapatinib (1.0 μM) as 
indicated. Cells were isolated 48h later and viability determined by trypan blue exclusion assay (n = 3 ± SEM). (F and G) GBM6 and GBM12 cells were 
plated as single cells in sextuplicate. Twelve hours after plating cells were treated with OSU (0–250 nM) and Lapatinib (0–1.0 μM) at a fixed concentra-
tion ratio. After 48 h media was removed, the cells washed and drug free media added. Colonies formed over ~14 d. A colony was defined as a group 
of > 50 cells. A combination index of < 1.00 indicates a synergy of drug interaction (n = 3 ±SEM).



©
20

12
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te

www.landesbioscience.com	 Cancer Biology & Therapy	 1505

apoptosis and autophagy has not been fully defined with some 
investigators arguing that autophagy antagonizes apoptosis 
whereas others arguing the opposite.25 Prior studies by this group 
had shown that autophagy downstream of CD95 was protective 
however in our present studies with OSU-03012, autophagy was 
a toxic event.26,27

The loss of PTEN function is a known therapy resistance fac-
tor in GBM.28 Knock down of PTEN reduced the toxic effect 
of OSU-03012 and lapatinib treatment whereas expression of 
PTEN in a PTEN null GBM cell facilitated drug combination 
lethality. Furthermore, knock down of mTOR facilitated drug 
combination toxicity in a PTEN null cell. OSU-03012 was 
originally described as a PDK-1 inhibitor although prior studies 
from this laboratory argued that inhibition of the PI3K/PDK-1 
pathway was a secondary pathway in the induction of autophagic 
tumor cell death.12-14 In general agreement with these findings, 
however, expression of activated AKT, activated p70 S6K or acti-
vated mTOR, to a greater extent than that of active MEK1, pro-
tected cells from lapatinib and OSU-03012 lethality. Collectively 
these findings argue that should this drug combination be trans-
lated to the clinic, the PTEN status of a patients’ tumor should 
be assessed.

Prior studies have demonstrated that autophagy played a key 
role in OSU-03012 lethality; knock down of ATG5 or Beclin1 
suppressed OSU-03012 and OSU-03012 and lapatinib toxic-
ity.12-14 Inhibition of caspase 9 function did not alter the toxicity 
of OSU-03012 as a single agent but blunted drug combination 
lethality. In contrast expression of BCL-XL or of MCL-1 sup-
pressed both OSU-03012 and OSU-03012 and lapatinib toxic-
ity. Knock down of BCL-XL and MCL-1 enhanced OSU-03012 
and lapatinib toxicity. Knock down of CD95, NOXA, PUMA or 
BIK suppressed the toxicity of the drug combination. Inhibition 
of the extrinsic apoptosis pathway by expression of c-FLIP-s did 

Discussion

The present studies were initiated to further understand the 
molecular mechanisms by which OSU-03012 in combina-
tion with other signaling modulatory agents kills brain cancer 
cells. OSU-03012 combined with the geldanamycin derivative 
17AAG to reduce expression of ERBB family receptors and to 
increase activity of the death receptor CD95.20 OSU-03012 
combined with the ERBB1/ERBB2 inhibitor lapatinib, or with 
molecular knock down of these receptors, to inhibit ERBB 
family receptor function and to increase activity of the death 
receptor CD95. Treatment with OSU-03012 combined with 
inhibition of ERBB receptors lead to decreases in both ERK1/2 
and AKT activity, with loss of AKT/mTOR/p70 S6K represent-
ing the pathway central to maintaining viability.21 Drug treat-
ment reduced expression of protective MCL-1 and BCL-XL 
proteins and expression/overexpression of c-FLIP-s, BCL-XL 
or MCL-1 protected cells from drug combination lethality.22 
Collectively our findings argue that OSU-03012 interacts with 
agents that facilitate activation of the death receptor CD95 
and inactivation of the PI3K-AKT pathway to cause tumor cell 
death.

Growth factor receptor signaling is known to be activated in 
many GBM cells, with expression of truncated active ERBB1 vIII 
the best characterized.23 Inhibition of ERBB receptor function by 
use of 17AAG or lapatinib predisposed tumor cells to the toxic 
effects of OSU-03012. Inhibition of growth factor receptor sig-
naling has been shown to promote cell killing through apoptotic 
pathways and also, through loss of mTOR activity, autophagy.24 
In our cell system the combination of OSU-03012 and lapatinib 
enhanced activation of CD95 that was a pro-apoptotic stimulus. 
The drug combination promoted autophagy that also played a 
prominent role in inducing cell death. The crossroads between 

Figure 3. Molecular inhibition of ERBB receptors recapitulates the effects of lapatinib. (A) GBM12 cells were transfected with scrambled control siRNA 
(siSCR, 20 nM) or with siRNA molecules to knock down expression of ERBB1-3. Twenty-four hours after transfection cells were treated with vehicle 
(DMSO) or with OSU-03012 (1 μM). Cells were isolated 48 h later and viability determined by trypan blue exclusion assay (n = 3 ± SEM). (B) DAOY cells 
were transfected with scrambled control siRNA (siSCR, 20 nM) or with siRNA molecules to knock down expression of ERBB1–4. Twenty-four hours after 
transfection cells were treated with vehicle (DMSO) or with OSU-03012 (1 μM). Cells were isolated 48 h later and viability determined by trypan blue 
exclusion assay (n = 3 ± SEM).
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Materials and Methods

Materials. Phospho- and total-antibodies were purchased from 
Cell Signaling Technologies. All the secondary antibodies 
were purchased from Santa Cruz Biotechnology. TUNEL kits 
were purchased from NEN Life Science Products Boehringer 
Mannheim. Commercially available validated short hairpin 
RNA molecules to knock down RNA per protein levels were 
from Qiagen. Primary human GBM cells and information on 
the genetic background of such cells were very kindly supplied 
for our use by Dr C. David James, University of California San 
Francisco, CA. Other reagents and techniques were as described 
in references 12–14.

Culture and in vitro exposure of cells to drugs. All estab-
lished cell lines were cultured at 37°C (5% (v/v CO

2
) in vitro 

using RPMI supplemented with 5% (v/v) fetal calf serum and 
10% (v/v) Non-essential amino acids. Primary human glioma 
cells were cultured in 2% (v/v) fetal calf serum to prevent growth 
of contaminating rodent fibroblasts during in vitro analyses. For 

not alter OSU-03012 lethality but abolished the potentiation of 
OSU-03012 lethality by lapatinib. Collectively these findings 
argue that two pro-death responses are induced by OSU-03012 
and lapatinib treatment: (1) a toxic form of autophagy; (2) the 
extrinsic apoptosis pathway.

Based on our in vitro data we attempted to determine whether 
OSU-03012 and lapatinib interacted in vivo to suppress tumor 
growth. We have previously published that OSU-03012 and 
ionizing radiation exposure interact in vivo to suppress GBM 
growth and to prolong survival. Initial studies attempted to grow 
medulloblastoma tumors in the brain however these approaches 
proved unsuccessful. Studies instead grew tumors on the flanks 
of athymic mice. Low doses of OSU-03012 did not significantly 
alter tumor growth. Treatment with lapatinib at 100 mg/kg 
BID also did not alter tumor growth. However, the drug com-
bination profoundly suppressed the growth of medulloblastoma 
tumors. These data, together with our prior analyses argues that 
OSU-03012 has potential to be a therapeutic agent against CNS 
tumors.

Figure 4. OSU-03012 and lapatinib treatment lowers ERK1/2 and AKT activity that correlates with lower MCL-1 expression. (A) GBM12 and GBM5 cells 
were treated with vehicle (DMSO); OSU-03012 (O, 1 μM); lapatinib (L, 1 μM) or the drugs combined. Cells were isolated 24 h later and the phosphoryla-
tion of ERK1/2 and AKT (S473) determined, and the expression of MCL-1 determined. (B–D) GBM5, GBM12 and DAOY cells were infected with empty 
vector control (CMV) or with viruses to express active MEK1 (MEK1EE) or active AKT (caAKT). Twenty four h after infection cells were treated with 
vehicle (DMSO) or with lapatinib and OSU-03012. Cells were isolated after 48 h and viability determined by trypan blue exclusion (n = 3, ± SEM). Arrows 
indicate the true percentage difference between vehicle and lap + OSU treatment.
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For SDS PAGE and immunoblotting, cells were plated and 
treated with drugs at the indicated concentrations and after 
the indicated time of treatment, lysed in whole-cell lysis buf-
fer (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 
10–14% SDS-PAGE and electrophoresis was run overnight. 
Proteins were electrophoretically transferred onto 0.22 μm nitro-
cellulose, and immunoblotted with various primary antibodies 
against different proteins. All immunoblots were visualized using 
fluorescent secondary antibodies and an Odyssey Infrared imag-
ing machine.

Infection of cells with recombinant adenoviruses. Cells 
were plated at 3 × 103 per cm2 in each well of a 12 well, 6-well 
or 60 mm plate. After plating (24 h), cells were infected (at a 
multiplicity of infection of 50) with a control empty vector virus 
(CMV) or an adenovirus to express c-FLIP-s (Vector Biolabs). 
Twenty-four hours after infection cells were treated with the 

short-term cell killing assays and immunoblotting studies, cells 
were plated at a density of 3 × 103 per cm2 (~2 × 105 cells per well 
of a 12-well plate) and 48 h after plating treated with various 
drugs, as indicated. In vitro OSU-03012 treatment was from a 
10 mM stock solution of each drug and the maximal concentra-
tion 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 west-
ern blot analysis. For in vitro analyses of short-term cell death 
effects, cells were treated with Vehicle or OSU-03012 for the 
indicated times in the Figure legends. For apoptosis assays where 
indicated, cells were isolated at the indicated times, and either 
subjected to trypan blue cell viability assay by counting in a light 
microscope or fixed to slides, and stained using a commercially 
available Diff Quick (Geimsa) assay kit.12-14 OSU-03012 lethal-
ity, as judged in trypan blue exclusion assays or by Geimsa assays, 
was first evident ~12 h after drug exposure (not shown).

Figure 5. OSU-03012 lethality is regulated by PTEN expression. (A) GBM6 and GBM12 cells were transfected with a scrambled control plasmid (shSCR) 
or a plasmid to knock down PTEN expression (shPTEN). Twenty four h after transfection cells were treated with vehicle (DMSO); OSU-03012 (OSU) 
(1 μM) and/or Lapatinib (1.0 μM) as indicated. Cells were isolated 24 h later and viability determined by trypan blue exclusion assay (n = 3 ± SEM). 
(B) GBM14 cells were transfected to express GFP or GFP-PTEN Twenty-four hours after transfection cells were treated with vehicle (DMSO); OSU-03012 
(OSU) (1 μM) and/or Lapatinib (1.0 μM) as indicated. Cells were isolated 24 h later and viability determined by trypan blue exclusion assay (n = 3 ± 
SEM). (C) GBM14 cells were transfected with scrambled control siRNA (siSCR, 20 nM) or with an siRNA molecule to knock down expression of mTOR. 
Twenty-four hours after transfection cells were treated with vehicle (DMSO) or with lapatinib (1 μM) and OSU-03012 (1 μM). Cells were isolated 24 h 
later and viability determined by trypan blue exclusion assay (n = 3 ± SEM). In parallel untransfected cells were treated with vehicle (DMSO) or with ra-
pamycin (10 nM); then cells were treated with vehicle (DMSO) or with lapatinib (1 μM) and OSU-03012 (1 μM). Cells were isolated 24 h later and viability 
determined by trypan blue exclusion assay (n = 3 ± SEM). (D) GBM5 and GBM12 cells were transfected with empty vector plasmid (CMV) or plasmids 
to express activated forms of p70 S6K or of mTOR. Twenty-four hours after transfection cells were treated with vehicle (DMSO) or with lapatinib (1 μM) 
and OSU-03012 (1 μM). Cells were isolated 24h later and viability determined by trypan blue exclusion assay (n = 3 ± SEM).
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Transfection of cells with siRNA or with plasmids. For plas-
mids. Cells were plated as described above and 24 h after plat-
ing, transfected. Cells we transfected with (0.5 μg) plasmid(s) as 
indicated expressing a specific mRNA (or siRNA) or appropriate 

indicated concentrations of OSU-03012 and/or drugs, and cell 
survival or changes in expression/protein phosphorylation deter-
mined 0–48  h after drug treatment by trypan blue assay and 
immunoblotting, respectively.

Figure 6. For figure legend, see page 1509.
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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 con-
taining 200 μl serum-free and antibiotic-free medium for a total 

vector control plasmid DNA was diluted in 50 μl serum-free and 
antibiotic-free medium (1 portion for each sample). Concurrently, 
2 μl Lipofectamine 2000 (Invitrogen), was diluted into 50 μl 
of serum-free and antibiotic-free medium (one portion for each 

Figure 6 (See opposite page). Lapatinib and OSU-03012 interact to activate the extrinsic apoptosis pathway. (A) GBM6 and GBM12 cells were treated 
with vehicle (DMSO) or with lapatinib (1 μM) and OSU-03012 (1 μM). Cells were fixed at the indicated time points (5–24 h) and the plasma membrane 
levels of CD95 determined by immunohistochemistry. Data are presented as the fold increase in CD95 density (n = 3, ± SEM). (B) GBM6 cells were 
either transfected with siRNA to knock down CD95 expression or were infected with a virus to express c-FLIP-s. Twenty-four hours later cells were 
treated with vehicle (DMSO) or with lapatinib (1 μM) and OSU-03012 (1 μM). Cells were isolated 24 h later and viability determined by trypan blue 
exclusion assay (n = 3 ± SEM). (C) Cells were infected with empty vector virus (CMV) or with viruses to express dominant negative caspase 9, BCL-XL or 
c-FLIP-s. Twenty-four hours later cells were treated with vehicle (DMSO) or with lapatinib (1 μM) and/or OSU-03012 (1 μM). Cells were isolated 24 h later 
and viability determined by trypan blue exclusion assay (n = 3 ± SEM). (D) GBM5 and GBM12 cells were transfected with empty vector plasmid (CMV) 
or with a plasmid to express MCL-1. Twenty-four hours later cells were treated with vehicle (DMSO) or with lapatinib (1 μM) and/or OSU-03012 (1 μM). 
Cells were isolated 24 h later and viability determined by trypan blue exclusion assay (n = 3 ± SEM). (E) GBM12 cells were transfected with scrambled 
siRNA (siSCR) or siRNA molecules to knock down the expression of NOXA, PUMA, BIK, BCL-XL, MCL-1 and BCL-XL + MCL-1. Twenty-four hours later cells 
were treated with vehicle (DMSO) or with lapatinib (1 μM) and OSU-03012 (1 μM). Cells were isolated 24h later and viability determined by trypan blue 
exclusion assay (n = 3 ± SEM). (F) GBM12 cells were transfected with scrambled siRNA (siSCR) or an siRNA molecule to knock down the expression of 
AIF. Twenty-four hourslater cells were treated with vehicle (DMSO) or with lapatinib (1 μM) and/or OSU-03012 (1 μM). Cells were isolated 24 h later and 
viability determined by trypan blue exclusion assay (n = 3 ± SEM). *p < 0.05 less than corresponding value in siSCR cells.

Figure 7. Lapatinib and OSU-03012 interact to increase a toxic form of autophagy. (A) GBM12 cells were transfected with a plasmid to express GFP-LC3. 
Twenty-four hours later cells were treated with vehicle (DMSO) or with lapatinib (1 μM) and/or OSU-03012 (1 μM). Cells were examined 24 h later under 
a fluorescent microscope to determine the number of GFP punctae per cell from 40 cells (n = 3, ± SEM). (B) GBM12 cells were transfected with a plas-
mid to express GFP-LC3 and with siRNA molecules to knock down ERBB1 and/or ERBB2. Cells were examined 24 h later under a fluorescent microscope 
to determine the number of GFP punctae per cell from 40 cells (n = 3, ± SEM). (C) DAOY cells were transfected with a plasmid to express GFP-LC3 and 
with siRNA molecules to knock down ERBB1 and/or ERBB4. Cells were examined 24 h later under a fluorescent microscope to determine the number of 
GFP punctae per cell from 40 cells (n = 3, ± SEM). (D) GBM12 cells were transfected with siRNA molecules to knock down Beclin1 or ATG5. Twenty-four 
hours later cells were treated with vehicle (DMSO) or with lapatinib (1 μM) and/or OSU-03012 (1 μM). Cells were isolated 24 h later and viability deter-
mined by trypan blue exclusion assay (n = 3 ± SEM).
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this mixture and the solution was mixed by pipetting up and 
down several times. This solution was incubated at room temp 
for 10 min, then added dropwise to each dish. The medium in 
each dish was swirled gently to mix then incubated at 37°C for 
2 h. One microliter of 10% (v/v) serum-containing medium was 
added to each plate, and cells were incubated at 37°C for 48 h 
before re-plating (50 × 103 cells each) onto 12-well plates. Cells 
were allowed to attach overnight, then treated with OSU-03012 
(0–48 h). Trypan blue exclusion assays and SDS PAGE/immu-
noblotting analyses were then performed at the indicated time 
points.

Flank inoculation of DAOY cells. Athymic female NCr-nu/nu 
mice (NCI-Fredrick) weighing ~20 g, were used for this study. 
Mice were maintained under pathogen-free conditions in facili-
ties approved by the American Association for Accreditation of 
Laboratory Animal Care and in accordance with current regu-
lations and standards of the US Department of Agriculture, 
Washington, DC, the US. Department of Health and Human 
Services, Washington, DC and the National Institutes of Health, 
Bethesda, MD. DAOY cells (1 × 107) were injected into the rear 
flanks of athymic mice. Tumors formed over the following month 
(~200 mm3, per treatment group, day 0). Two to four weeks after 
tumor cell implantation animals were segregated into treatment 
groups of approximately the same mean tumor volume ± SEM. 
For animal administration, Lapatinib and OSU-03012 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, OSU-03012 or combi-
nation of Lapatinib and OSU-03012 using oral gavage to a final 
concentration of 25 mg/kg body mass QD for OSU-03012 and 
100 mg/kg BID for lapatinib.

Data analysis. Comparison of the effects of various treat-
ments was performed following ANOVA using the Student’s t 
test. Differences with a p value of < 0.05 were considered statisti-
cally significant. Experiments shown are the means of multiple 
individual points (± SEM).
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volume of 300 μl, and the cells were incubated for 4 h at 37°C. 
An equal volume of 2× medium was then added to each well. 
Cells were incubated for 48 h then treated with OSU-03012. 
For analysis of cells transfected with GFP-LC3 constructs, the 
GFP-LC3-positive vesicle containing cells were examined under 
the 40× objective of a Zeiss Axiovert fluorescent microscope. 
Forty LC3-GFP-positive cells were analyzed per condition. Each 
vesicle was counted and the average number of vesicles per cell 
for each, including cells that did not exhibit vesicularization, was 
calculated.

Transfection with siRNA. Cells were plated in 60 mm dishes 
from a fresh culture growing in log phase as described above, 
and 24 h 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 
targeting ATG5, Beclin 1 or BiP/GRP78, the positive sense con-
trol 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 (predominantly Qiagen; occasional alternate siRNA 
molecules were purchased from Ambion, Inc.). An amount of 10 
nM siRNA (scrambled or experimental) was diluted in serum-
free media. Four microliters of Hiperfect (Qiagen) was added to 

Figure 8. OSU-03012 and lapatinib interact in vivo to suppress tumor 
growth. DAOY cells (1 × 107) were injected into the rear flanks of athymic 
mice. Tumors formed over the following month (~200 mm3, per treat-
ment group, day 0). Animals were doses with drugs: vehicle (DMSO and 
Cremophore); Lapatinib (100 mg/kg, BID); OSU-03012 (25 mg/kg QD) 
or both drugs combined. Tumor volumes were assessed by caliper on 
the indicated days (n = 2 experiments with 3 animals per group in each 
experiment: total 6 animals per group ± SEM). * p < 0.05 less than other 
treatment values.
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