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Article

Introduction

Targeted cancer therapies are becoming increasingly more 
prevalent as the molecular basis for pathogenesis is being 
uncovered. Although targeted agents have had a profound 
impact on cancer treatment progress, investigating the 
mechanism of target ablation on normal cell function as 
well as in diseased states remains challenging. This is par-
ticularly true for targets that have multiple roles in cell 
physiology. As an example, integrin-linked kinase (ILK) is 

a pleiotropic kinase central to several signal transduction 
pathways involving downstream molecules such as 
p(ser473)-AKT, pser9/21GSK-3, HIF-1α, Wnt, E-cadherin, 
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Summary
A small molecule inhibitor (QLT0267) targeting integrin-linked kinase is able to slow breast tumor growth in vivo; however, 
the mechanism of action remains unknown. Understanding how targeting molecules involved in intersecting signaling 
pathways impact disease is challenging. To facilitate this understanding, we used tumor tissue microarrays (TMA) and digital 
image analysis for quantification of immunohistochemistry (IHC) in order to investigate how QLT0267 affects signaling 
pathways in an orthotopic model of breast cancer over time. Female NCR nude mice were inoculated with luciferase-
positive human breast tumor cells (LCC6Luc) and tumor growth was assessed by bioluminescent imaging (BLI). The plasma 
levels of QLT0267 were determined by LC-MS/MS methods following oral dosing of QLT0267 (200 mg/kg). A TMA was 
constructed using tumor tissue collected at 2, 4, 6, 24, 78 and 168 hr after treatment. IHC methods were used to assess 
changes in ILK-related signaling. The TMA was digitized, and Aperio ScanScope and ImageScope software were used to 
provide semi-quantitative assessments of staining levels. Using medium-throughput IHC quantitation, we show that ILK 
targeting by QLT0267 in vivo influences tumor physiology through transient changes in pathways involving AKT, GSK-3 
and TWIST accompanied by the translocation of the pro-apoptotic protein BAD and an increase in Caspase-3 activity.  
(J Histochem Cytochem 63:691–709, 2015)
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TWIST and VEGF (Delcommenne et al. 1998; Deng et al. 
2002; Guo et al. 2007; Imanishi et al. 2007; Joshi et al. 2007; 
Li et al. 2003; McDonald et al. 2008; Maydan et al. 2010; 
Mills et al. 2003; Muranyi et al. 2010; Naska et al. 2006; 
Persad et al. 2001; Rosano et al. 2006; Serrano et al. 2013; 
White et al. 2006; Xie et al. 2004; Yamaji et al. 2001). These 
pathways are known regulators of several key cancer pro-
cesses, such as epithelial-to-mesenchymal transition 
(EMT), angiogenesis, and apoptosis. In fact, ILK overex-
pression has been documented in many cancers, including 
lung (Chen et al. 2012; Takanami 2005; Watzka et al. 2010), 
prostate (Graff et al. 2001), pancreatic (Sawai et al. 2006), 
colorectal (Bravou et al. 2003, 2006), gastric (Ito et al. 
2003), ovarian (Ahmed et al. 2003, 2004) and thyroid 
(Younes et al. 2005) cancers, as well as glioma (Obara et al. 
2004), squamous cell carcinoma of the head and neck 
(Younes et al. 2007), Ewing’s sarcoma and PNET (Chung 
et al. 1998), mesothelioma (Watzka et al. 2008), retinoblas-
toma (Chen et al. 2011) and malignant melanoma (Dai et al. 
2003); in some instances, the expression of ILK has also 
been associated with poor prognosis (Dai et al. 2003; Graff 
et al. 2001). Given the importance of ILK in cancer devel-
opment and progression, it is anticipated that ILK inhibition 
and/or silencing may be an effective way of treating cancer. 
Preclinical studies completed to date provide support for 
targeting ILK in cancer (Brazdziute and Laurinavicius 
2011; Edwards et al. 2008; Kalra et al. 2009, 2011; Younes 
et al. 2005, 2007). Many studies have shown that in vivo 
inhibition of ILK using antisense oligonucleotides or siRNA 
targeting ILK as well as small molecule inhibitors such as 
KP392, QLT0254, QLT0267 and, more recently, N-methyl-
3-(1-(4-(piperazin-1-yl)phenyl)-5-(4’-(trifluoromethyl)-
[1,1’-biphenyl]-4-yl)-1H-pyrazol-3-yl) propanamide 
reduces tumor growth in animal models of prostate cancer 
(Lee et al. 2011; Tan et al. 2004), pancreatic cancer (Yau 
et al. 2005), glioblastoma (Edwards et al. 2005, 2008), gas-
tric cancer (Zhao et al. 2011), melanoma (Wong et al. 2007), 
lung cancer (Liu et al. 2006), thyroid cancer (Younes et al. 
2005), and breast cancer (Kalra et al. 2009). However, ques-
tions concerning the mechanisms through which ILK inhi-
bition leads to reduced tumor growth in vivo remain 
unanswered. Some investigators have attempted to detail 
the in vivo impact of ILK inhibition by following one or 
two downstream effectors of ILK in overexpression or 
knock-out studies. A study done by White et al. (2001) 
showed that the transgenic MMTV/ILK mouse produces 
spontaneous mammary gland tumors that constitutively 
express phosphorylated forms of AKT, GSK-3 and MAPK. 
Further, Assi et al. (2008) used an intestinal epithelial cell 
ILK knockout animal to show that ILK regulates cyclin D1 
and MMP-9 in vivo. Several groups have demonstrated that 
silencing ILK in prostate cancer (Yuan et al. 2013), ovarian 
cancer (Li et al. 2013, 2012) gastric carcinoma (Zhao et al. 
2011) and melanoma (Wong et al. 2007) leads to decreased 

growth and increased apoptosis. Others have used ILK 
inhibitors to show that decreased ILK activity leads to 
growth suppression (Becker-Santos et al. 2012; Dobreva 
et al. 2008; Edwards et al. 2008; Eke et al. 2009; Faralli 
et al. 2011; Fielding et al. 2011; Jones et al. 2014; Kalra 
et al. 2009, 2010, 2011; Koul et al. 2005; Li et al. 2009, 
2013; Lim et al. 2013; Muranyi et al. 2010, 2009; Oloumi 
et al. 2006; Santos et al. 2007; Sikkema et al. 2014; 
Steinbrunn et al. 2012; Tabe et al. 2007; Troussard et al. 
2006; Wang et al. 2011; Younes et al. 2005, 2007). For 
example, Edwards and colleagues have shown that suppres-
sion of ILK in vivo leads to reduced expression of VEGF 
and decreased angiogenesis (Edwards et al. 2008; Tan et al. 
2004). It has also been demonstrated that suppression of 
ILK activity in vivo can influence the phosphorylation of 
AKT at serine 473 (Edwards et al. 2008; Yau et al. 2005), 
potentially leading to reduced growth through multiple 
mechanisms. However, the exact pathways involved in 
growth suppression remain unclear. For instance, dysregu-
lation of AKT may impact both growth as well as survival, 
and yet downstream effectors in the AKT pathway have not 
been examined in preclinical studies of ILK inhibition.

The vast number of downstream effectors that may be 
influenced by altered ILK signaling poses a challenge for the 
identification of a specific mechanism for ILK-related sup-
pression of tumor growth in vivo. It is possible to use micro-
arrays to establish alterations in gene expression in response 
to ILK inhibition using agents such as QLT0267; however, 
these data reflect alterations in transcript levels only, and 
constraints on experimental design often allow for the con-
sideration of only one time-point even though signal trans-
duction is an evolving process. It is also likely that a targeted 
agent will suppress a downstream signal transduction path-
way temporarily, during the time period in which the drug 
concentration is at its peak. Once the agent is cleared, the 
suppressive effects will likely wane. Whether this leads to 
phenotypic alterations in downstream pathways will depend 
on what pathways have been transiently activated or inacti-
vated, as well as the cell line being evaluated. In vitro studies 
done in our laboratory exemplify this concept in the context 
of ILK-mediated PI3K/AKT signaling in vitro. Verreault 
and Bally (2009) demonstrated, that in PC3 cells, ILK 
silencing has only transient effects on p(ser473)AKT levels. 
Moreover, the effect of ILK silencing is cell line specific, as 
U251 cells were seemingly more resistant to ILK-mediated 
down-regulation of p(ser473)AKT. The latter observations 
suggests that some cell lines have redundant pathways 
involved in the regulation of the PI3K/AKT pathway 
(Verreault and Bally 2009) whereas other cell lines may 
exhibit a preference for ILK-mediated activation of AKT 
(Troussard et al. 2006). Preliminary data in breast cancer cell 
lines, including LCC6 cells, show that QLT0267 is able to 
decrease p(ser473)AKT through ILK inhibition at early 
time-points; however, p(ser473)AKT levels normalize very 
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quickly thereafter. Using ILK siRNA, we were able to dem-
onstrate a similar pattern whereby a transient decrease in 
p(ser473)AKT is observed at 24 hr. After 48 hr, despite con-
tinued silencing of ILK, p(ser473)AKT levels returned to 
baseline, suggesting compensatory pathways are at play 
(unpublished data). Collectively, these data are intriguing. 
The transient down-regulation of p(ser473)AKT in vitro 
suggests that the same transience is likely seen in vivo when 
ILK activity is inhibited. For this reason, we believed it was 
important to look at signaling kinetics in vivo after treatment 
with QLT0267, as it is likely that a targeted agent will sup-
press a downstream signal transduction pathway temporarily 
during the time period in which the drug concentration is at 
its peak. Therefore, the ideal preclinical study examining 
signal transduction pathways is one which examines the sum 
total effects of ILK ablation using agents such as QLT0267 
in the context of the drugs pharmacokinetics. Studies like the 
one described become very large, requiring medium- to 
high-throughput tools and methods. To evaluate gene expres-
sion changes over a time course using microarray would be 
laborious and costly and still require confirmation using 
IHC. Further, microarray analyses do not consider altera-
tions in subcellular localization or activation of proteins 
involved in some of these pathways. The studies herein were 
designed to consider the pharmacokinetics of the ILK inhibi-
tor, QLT0267, first, and addresses the kinetics of signal 
transduction changes after treatment using tissue microar-
rays (TMA) and digital quantification of immunohistochem-
istry (IHC). The latter tools enabled the examination of 
multiple effector molecules over time.

We demonstrate, using bioluminescence imaging (BLI), 
that tumor growth suppression is observed at 7 days after 
treatment initiation. The pharmacokinetic profile of 
QLT0267 demonstrates drug clearance within the first 6 hr 
after treatment. Finally, tumor tissue was collected at time-
points related to the pharmacokinetics of the drug, as well 
as within the 7-day window where growth suppression was 
observed. A TMA was constructed and analyzed for changes 
in expression, subcellular localization, and activation of 
downstream effectors of ILK. We were able to show 
decreases in p(ser473)-AKT, pGSK-3 and TWIST within 
24 hr after treatment. We show for the first time that treat-
ment of animals with QLT0267 is related to a translocation 
of BAD from the cytoplasm to discrete puncta, possibly at 
the mitochondrial membrane in tumor tissues; a change that 
is known to activate apoptosis.

An understanding of early changes in growth, along with 
small molecule inhibitor pharmacokinetics, provides 
parameters around which we can rationally design large, 
multi-endpoint studies that enable investigation into altera-
tions in signal transduction pathways as they evolve over 
time. These data can be used to support a better understand-
ing of the mechanisms of targeted agents, such as QLT0267, 
in vivo.

Materials & Methods

Chemicals and Reagents

QLT0267 (267) was a generous gift from QLT Inc. 
(Vancouver, BC, Canada) and was diluted in PTE (polyeth-
ylene glycol, Tween-80, 95% ethanol, and citric acid). 
QLT0267 is a second-generation ILK inhibitor, derived 
from KP-392. The selectivity of this small molecule for ILK 
relative to that of other kinases has been determined by ana-
lyzing its effects on 150 recombinant kinases. Among these 
kinases tested, QLT0267 is highly specific, showing 1000-
fold selectivity over kinases including CK2, CSK, DNA-PK, 
PIM-1, PKB/Akt and PKC, and 100-fold selectivity over 
other kinases, such as Erk-1, GSK-3β, LCK, PKA, p70S6K, 
and RSK1 (Troussard et al. 2006; Younes et al. 2007). 
Furthermore, the in vitro kinase activity of purified ILK is 
sensitive to QLT0267 (Maydan et al., 2010). QLT0267 is 
an accepted inhibitor of ILK kinase activity (Becker-Santos 
et al. 2012; Dobreva et al. 2008; Edwards et al. 2008; Eke  
et al. 2009; Faralli et al. 2011; Fielding et al. 2011; Jones 
et al. 2014; Kalra et al. 2009, 2010, 2011; Koul et al. 2005; 
Li et al. 2009, 2013; Lim et al. 2013; Muranyi et al. 2009, 
2010; Oloumi et al. 2006; Santos et al. 2007; Sikkema et al. 
2014; Steinbrunn et al. 2012; Tabe et al. 2007; Troussard  
et al. 2006; Wang et al. 2011; Younes et al. 2005, 2007). A 
dose of 200 mg/kg was chosen based on previous studies 
(Kalra et al. 2009, 2011). All antibodies were purchased 
from Cell Signaling Technology (Beverly, MA). All other 
reagents were of reagent grade and purchased from sources 
as indicated in the various sections below.

Cell Lines and Culture

MDA-MB-435/LCC6 (LCC6) estrogen receptor-negative 
breast cancer cells (Leonessa et al. 1996) were a generous 
gift from Dr. Robert Clarke (Georgetown University, 
Washington, D.C.). There has been much debate surround-
ing the origin of the LCC6 parental cell line, MDA-MB-435. 
Ross et al. (2000) and Rae et al. (2007) suggest that the 
MDA-MB-435 cell line is of melanoma origin, sharing 
molecular features with the M14 melanoma cell line, 
whereas Neve et al. (2006) have demonstrated that the 
MDA-MB-435 cell line shares many molecular features 
with other breast cancer cell lines. Sellappan et al. (2004) 
demonstrate that MDA-MB-435 cells can be induced to 
express breast differentiation-specific proteins and secrete 
milk lipids. The fact that MDA-MB-435 cell line shows 
molecular similarities with the M14 cell line is not suffi-
cient evidence to conclude that MDA-MB-435 is melanoma 
in origin, as it has been established that human breast can-
cers do indeed express melanocytic markers (Bachmeier  
et al. 2008; Montel et al. 2009) and, more recently, even 
neuronal markers (Yu et al. 2011). The most compelling 
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evidence for the origin of MDA-MB-435 cells comes from 
recent karyotype evidence showing that both M14 and 
MDA-MB-435 cell lines were derived from a female patient 
consistent with the origin of MDA-MB-435 and not M14 
cells (Chambers 2009). In light of these data, we continue to 
use MDA-MB-435 as a model breast cancer cell line.

Cells lines were maintained in the absence of penicillin 
and streptomycin and screened for mycoplasma prior to 
preparing the stock of cells that were frozen for future use 
in animal experiments. Cells were re-suspended in freezing 
media (10% DMSO in FBS) and slowly frozen in Nalgene 
1°C freezing containers (Rochester, NY) containing 100% 
isopropanol at -80°C for 24 hr before storage in liquid nitro-
gen. Frozen cells were quickly thawed at 37°C, centrifuged 
to remove freezing media, plated, and passaged twice 
before use in experiments. LCC6 and LCC6WT-luc cells were 
maintained in DMEM/high glucose supplemented with 
L-glutamine (2 mM; DMEM and L-glutamine from Stem 
Cell Technologies; Vancouver, BC, Canada), 5 mM penicil-
lin/streptomycin (Stem Cell Technologies), and 10% FBS 
(Hyclone; Logan, UT). All cells were maintained at 37°C 
and 5% CO

2
 in a humidified atmosphere and allowed to 

undergo no more than 20 passages.

Lentivirus Transfections

The transfection procedure used to create the LCC6WT-Luc 
cell line has been previously described (Kalra et al. 2011). 
Briefly, constructs for the lentivirus (LV) vector containing 
the luciferase (Luc) and Green Fluorescent Protein (GFP) 
genes were obtained from Dr. Alice Mui (Jack Bell Research 
Center, Vancouver General Hospital). To generate lucifer-
ase-expressing lentivirus (Lenti-Luc), the vector was co-
transfected using calcium phosphate with packaging 
constructs pRSVREV, pMDLg/pRRE, and the VSV-G 
expression plasmid pHCMVG into the packaging cell line 
HEK-293T. Conditioned medium was collected daily for 4 
days and cleared of debris by low-speed centrifugation, fil-
tered, and stored at -70°C. The LCC6 cells were then 
infected with Lenti-Luc virus (25 µl concentrated viral 
supernatant/mL medium). Subsequently, cells were re-
plated in low concentrations into soft agar in the wells of a 
6-well plate. Luciferin was added to each well and plates 
were imaged using IVIS (see below) to identify luciferase-
positive colonies. Positive colonies were selected, expanded, 
and used for the in vitro and in vivo studies described below.

Western Blot

Total protein lysates were prepared from cells incubated in 
the presence of QLT0267 or PTE vehicle. Briefly, cells 
were rinsed with PBS, harvested from plates with trypsin 
and centrifuged at 1500 ×g for 5 min. Cell pellets were then 
re-suspended in lysis buffer [150 mM NaCl, 1% NP40, 

0.5% sodium deoxycholate, 2.5 mM EDTA, 0.1% SDS, 
mini-protease inhibitor cocktail tablets (Roche Diagnostics; 
Mannheim, Germany)], sheared using a 25-gauge needle, 
incubated on ice for 30 min, and finally centrifuged at 
10,000 ×g for 10 min to remove insoluble material. Protein 
concentrations were determined from the supernatants 
using the Bradford Method and approximately 50 µg of 
total protein from each sample were denatured in loading 
buffer (Invitrogen) by boiling for 10 min and then loaded 
onto 10% SDS-polyacrylamide gels. Proteins separated by 
electrophoresis were transferred to nitrocellulose mem-
branes (Millipore; Bedford, MA) and blocked for 1 hr at 
room temperature in Odyssey blocking buffer (Licor 
Biosciences; Lincoln, NBR). Membranes were incubated at 
4°C overnight in Odyssey blocking buffer containing poly-
clonal anti-ILK, anti-AKT, anti-P-AKT, anti-pBAD, or 
anti-β-actin antibodies (1:1000 dilution; Cell Signaling 
Technology). Membranes were then washed three times for 
five minutes 5 min with PBS-Tween (1% v/v) and incu-
bated with either anti-rabbit IRDYE (Rockland; 
Gilbertsville, PA) or anti-rabbit Alexa 680 (Invitrogen, 
Molecular Probes; Burlington, ON) at 1:10,000 for 1 hr at 
room temperature. Signals were detected using the Odyssey 
Infrared Detection System and associated software 
(Odyssey v1.2; Licor). The studies were done at least three 
times and representative immunoblots are shown.

Immunofluorescence

Cells grown on coverslips were rinsed with PBS (pH 7.4), 
fixed using 2.5% paraformaldehyde (w/v) in PBS for 20 
min at room temperature and permeabilized using 0.5% 
Triton X-100 (v/v) in PBS for 5 min at room temperature. 
Coverslips were then washed three times with PBS, incu-
bated for 1 hr in 2% bovine serum albumin (BSA) (w/v) in 
PBS to block non-specific binding, washed three times in 
PBS, and then incubated with anti-BAD and anti-BCL-xl 
antibodies (Santa Cruz Biotechnology Inc.; Dallas, TX) for 
1 hr at room temperature. All antibodies were diluted in 
BSA/PBS. Coverslips were washed three times for 5 min 
using PBS. Primary antibody binding was detected by fur-
ther incubations with anti-rabbit Alexa 546 or Alexa 488 
(Molecular Probes). To ensure that there was no non-spe-
cific antibody binding, a secondary antibody control cover-
slip was used for each experiment, where coverslips were 
stained with either Alexa 546 or Alexa 488 alone. Nuclei 
were stained using Hoechst nuclear stain (10 mg/ml; 
Molecular Probes) at 1:1000 for 5 min at room temperature. 
Coverslips were rinsed once with double-distilled water and 
mounted to microscope slides using a 9:1 solution of glyc-
erol and PBS (Air Products & Chemicals, Inc.; Allentown, 
PA). Images were viewed and captured using a Leica CTR-
mic UV fluorescence microscope (Wetzlar, Germany) and a 
DC100 digital camera with Open Lab software (Improvision; 
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Lexington, MA). The studies were done at least three times 
and representative immunofluorescence images are shown.

Caspase Activation Assay

Cells were subject to the Caspase-Glo 3/7 luminescent 
assay (Promega; Madison, WI) according to the manufac-
turer’s instructions. Briefly, cells grown in 96-well plates 
were treated with QLT0267 or PTE vehicle for 12, 24, 48 or 
72 hr. At treatment endpoint, cells were incubated with 100 
µl of the prepared Caspase-Glo 3/7 reagent at room tem-
perature. The plates were covered and sealed with a plate 
sealer and the contents were mixed gently using a plate 
shaker at 300–500 RPM for 30 sec. The plates were then 
incubated at room temperature for 3 hr. Subsequently, the 
luminescence of each sample was measured using an 
Optima fluorescence/luminescence plate reader (BMG 
Labtech; Durham, NC). Luminescence data was collected 
at 420–540 nm. Raw data from treated cells was expressed 
as a percentage of normalized to vehicle-treated controls. 
The studies were done at least three times and luminescence 
data is expressed as mean values ± SD.

Animal Studies

All animal studies were conducted in accordance with and 
approved by the institutional (University of British 
Columbia) Animal Care Committee. The work was con-
ducted in a manner that meets the Canadian Council of 
Animal Care guidelines for the care and use of experimental 
animals. Animals were maintained at 22°C in a 12-hr light/
dark cycle with ad libitum access to water and food. Female 
NCr nude mice, weighing between 18 and 25 g, were 
obtained from Taconic (Oxnard, CA) and maintained in an 
SPF facility (Animal Resource Centre, BC Cancer Agency). 
Mice were terminated for humane reasons based on a health 

scoring method conducted under a health monitoring stan-
dard operating procedure. Reasons for euthanasia included 
tumor ulceration, the presence of tumors with volumes in 
excess of 500 mg, and/or signs of deteriorating animal 
health.

LCC6 cells (2×106) in a volume of 50 µl media were 
injected using a 28-gauge needle into the mammary fat pad 
of female NCr nude mice (Taconic), as previously described 
(Conley 1979). These mice were than randomized into two 
groups: vehicle and treated. After treatment initiation (see 
below), tumor growth was monitored using non-invasive 
luminescence-based imaging with the IVIS 200 imaging 
system from Xenogen (Caliper LS; Almeda, CA). In another 
study, tumor-bearing animals were given 200 mg/kg 
QLT0267 p.o. and killed with CO

2
 asphyxiation at 2, 4, 6, 

and 24 hr. Blood was collected immediately via cardiac 
puncture. Blood was rapidly transferred to EDTA-
containing Microtainers and the samples placed on ice. 
Plasma was separated by centrifugation (15 min at 1500 × g 
at 4°C) and stored at -80°C until they were prepared for 
analytical work (see below).

Additional studies used mice randomized into three 
groups: control, vehicle and treatment arms. Tumors were 
established as described above. On day 7 post-inoculation, 
animals were treated p.o. with 200 mg/kg QLT0267 every 
day for seven days. Eight animals were sacrificed per group 
at 2, 4, 6, 24, and 168 hr, at which time the tumor tissue was 
harvested as outlined in the methods below. Figure 1 illus-
trates the timeline for drug dosing and harvest of tumor tis-
sue for this study.

In Vivo Imaging System (IVIS)

Imaging was performed daily to monitor tumor growth 
for seven days during daily treatment. LCC6WT-luc tumor-
bearing mice were injected i.p. with 500 µl D-luciferin 

Figure 1. An illustration of the treatment schedule and timing of tissue harvesting is shown for tissue samples used in the construction 
of the TMA. Animals were inoculated with tumor cells at seven days prior to treatment initiation. Animals were dosed daily for seven 
days at times 0, 24, 48, 72, 96, 120, and 144 hr (solid arrows). Tumor tissue was harvested (dashed arrows) at 2, 4, 6 and 24 hr after the 
first treatment, and 6 hr after treatment on days 3 and 5. The last tumor harvest was performed at 24 hr following the final treatment 
(168 hr).
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(15 mg/ml) (CaliperLS, Alameda, CA). Mice were anes-
thetized using isoflurane, and post-luciferin injection 
mice were imaged at 20 min (± 2 min). Photographic and 
luminescence images were taken at exposure times of 1, 2 
and 5 sec, and Xenogen IVIS software was used to quan-
tify non-saturated bioluminescence in whole-body 
images. Light emission between 2.0×106 to 10.0×1010 
was assumed to be indicative of viable luciferase-labeled 
tumor cells, whereas emissions below this range were 
considered as background and above this range, satura-
tion. Bioluminescence (FLUX) was quantified as pho-
tons/sec for each ROI (cm2).

Pharmacokinetics

Two stock solutions of QLT0267 were prepared in metha-
nol. One stock solution was used to prepare the working 
solutions to generate calibration standard curves and the 
other for preparing working solutions used for generating 
quality control (QC) samples. Working solutions were pre-
pared with 1:1 methanol:volume (v/v) and stored at -70°C. 
Calibration standards were prepared by spiking aliquots of 
the blank matrix with the appropriate level of anylates to 
create standards that spanned the calibration range of inter-
est with a minimum of six calibration levels. QC samples 
were prepared by spiking aliquots of the blank matrix with 
QLT0267 working solutions. The QCs were prepared at 
four concentrations. One concentration was prepared at the 
intended lower limit of quantitation whereas the remaining 
three levels spanned the concentration range of the calibra-
tion curve. The low concentration sample was less than 
three times the lower limit of quantitation; the medium-
level concentration near the midpoint of a semi-log plot of 
the calibration range; the high-level concentration at 75% 
of the highest calibration level. An internal standard stock 
solution was prepared at a concentration of 1 mg/ml in 
methanol in a volumetric flask, aliquoted, and stored at 
-70°C. A working solution was prepared at 100 ng/ml by 
diluting the stock solution with 1:1 methanol:water (v/v) in 
serial dilution and stored at -70°C. To prepare the sample, 
20 µl of the plasma was aliquoted to a centrifuge tube, to 
which 200 µl of sodium tetraborate solution was added. 
Ethyl acetate (1.5 ml) was added and the tube was vortexed 
for 10 min. The samples were then centrifuged at 3000 
RPM for 20 min at room temperature and then frozen at 
-70°C for 20 min. The organic phase was removed and 
placed into Eppendorf tubes and the samples were dried in 
an evaporator. Samples were reconstituted in 100 µl of 
0.1% formic acid in 1:1 (v/v) methanol:water. Extracts were 
vortexed, and 20 µl was transferred to glass inserts of 
labeled amber auto-sampler vials, which were capped and 
placed on the auto-sampler tray of the LC-MS/MS for anal-
ysis to determine plasma concentration of QLT0267 at each 
time-point.

Tissue Collection, TMA Construction and 
Immunohistochemistry

Four or eight animals were sacrificed by CO
2
 asphyxiation 

at each of the indicated time-points and tumors in the mam-
mary fat pad tissues were excised, fixed in 10% neutral-buff-
ered formalin and embedded in paraffin. Representative 
areas of non-necrotic tumor tissue were selected by Dr. 
Margaret Sutcliffe, a pathologist at the BC Cancer Agency 
(Vancouver, BC, Canada), and marked on hematoxylin and 
eosin-stained slides and on their corresponding tissue blocks 
to indicate where the cores were to be obtained for each 
sample. TMAs were constructed by removing two 0.6-mm 
cores from selected formalin-fixed, paraffin-embedded tis-
sue blocks and transferred to a recipient paraffin block using 
a manual arrayer (Pathology Devices Inc.; Westminster, 
MD). Four µm-thick sections of the TMA blocks were cut 
and stained using the DakoCytomation EnVision and 
System-HRP (Dako; Carpinteria, CA) in a two-step IHC 
technique. Sections were deparaffinized in xylene, dehy-
drated through three alcohol changes, and transferred to 
Ventana Wash solution (Ventana Medical Systems; Oro 
Valley, AZ). Endogenous peroxidase activity was blocked in 
3% hydrogen peroxide. Antigen retrieval was performed and 
slides were incubated with primary antibodies against pAKT 
serine 473 (1:50 dilution), BAD (1:300 dilution), cleaved 
Caspase-3 (1:50 dilution), TWIST (1:200 dilution) or 
p(ser9/21)GSK3αβ serine 9/21 (1:10 dilution), all from Cell 
Signaling Technology. Finally, sections were incubated with 
the pre-diluted Ventana Universal Secondary Antibody and 
DAB Map detection system, counterstained with hematoxy-
lin, dehydrated, cleared, and mounted. Optimization of the 
IHC protocol involved three antigen-retrieval conditions and 
a serial dilution of the antibody to establish the optimal 
staining concentration. Although freezing of the tissue sam-
ples prior to formalin fixation could have potentially affected 
the immunoreactivity, appropriate negative and positive 
controls were performed to ensure the quality and adequacy 
of staining. The negative control was performed by omission 
of the primary antibody. Human tonsil tissues were used as 
an internal positive control for several apoptotic markers.

Aperio Digital IHC Analysis and Quantification

TMA and tumor slides were scanned using the Aperio 
ScanScope System (Aperio, Technology; Vista, CA) at 40× 
magnification to provide a high-resolution digital image. The 
ImageScope software (free from Aperio.com) was used to 
analyze and quantify marker expression. An ROI for indi-
vidual tumor cores was selected and analyzed using the posi-
tive pixel count algorithm. The ImageScope analysis tool 
allows the user to set the threshold for color saturation, as 
well as the upper and lower limits for the intensities of the 
weak- and strong-positive pixels. These thresholds were set 

http://Aperio.com
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using positive and negative control tissues. To ensure that set-
tings were appropriate for the analysis of tumor tissue, ran-
domly selected tumor cores on the TMA were tested with the 
parameters set using positive and negative controls tissues 
and adjusted accordingly. Algorithm parameters were cus-
tomized to differentiate between negatively (blue), moder-
ately (orange) and strongly (red) stained cells. Raw data were 
provided in terms of the number of positive pixels and inten-
sity of positive pixels, which were normalized to the number 
of total pixels counted or area of ROI in µm2. For each sam-
ple, two representative cores were used to construct the 
TMA; thus data from two cores were averaged to give a pixel 
count for any given sample. In order to confirm the accuracy 
of the digital quantification, selected TMAs were evaluated 
by inspection by a pathologist, using a scoring system from 0 
to 3. These data were also averaged for the two samples rep-
resenting each tumor sample.

Statistical Analysis

All statistical data was collected using GraphPad Prism 
(San Diego, CA). Parametric analysis was done using SD or 
SEM and n, in an unpaired Student’s t-test. Area under the 
curve analysis was done using Phoenix WinNonlin software 
(Pharsight; St. Louis, MO).

Results

QLT0267 Is Able to Suppress p(ser473)AKT 
Expression In Vitro

AKT is a well-accepted downstream effector of ILK 
(Delcommenne et al. 1998; Guo et al. 2007; Hannigan et al. 
2011; Joshi et al. 2007; Koul et al. 2005; Persad et al. 2001; 
Serrano et al. 2013; Xie et al. 2004). For this reason, we 
started our evaluation of the mechanism of action for 
QLT0267 by confirming the impact of ILK inhibition using 
QLT0267 on AKT activity. LCC6WT-luc cells were incubated 
with increasing doses of QLT0267 in vitro for a period of 24 
hr. Protein was collected and subjected to western blot anal-
ysis for the expression of p(ser473)AKT. Figure 2A is a rep-
resentative image showing that QLT0267 is able to suppress 
p(ser473)AKT in a dose-dependent manner in vitro without 
altering the expression of ILK.

QLT0267 Treatment Effects Are Observed in 
the Orthotopic LCC6 Tumor Model Rapidly After 
Treatment Is Initiated

To establish how early QLT0267-mediated growth suppres-
sion occurs, luciferase-positive LCC6 (LCC6WT-Luc) tumor 
cells were inoculated into the mammary fat-pad of female 
NCr nude mice, as described in the Materials & Methods, 
and tumor size was evaluated using BLI at the time of 

inoculation (IN), and at 4, 24, and 168 hr after treatment was 
initiated (see Fig. 1). The results are summarized in Fig. 2B 
and 2C. Figure 2B shows representative images from a sin-
gle animal and Fig. 2C shows the average light FLUX of six 
animals for each of the time-points measured. Similar to pre-
viously published results (Kalra et al. 2009), after animals 
have been treated with 7 daily doses of QLT0267, tumors 
exhibit significantly lower FLUX (p=0.038) as compared 
with tumors from vehicle-treated animals.

After Seven Days of QLT0267 Treatment, Levels 
of p(ser473)AKT Are Comparable to Vehicle-
treated Tumors

As indicated above, an established downstream effector of ILK 
is AKT (Cabodi et al. 2010; McDonald et al. 2008). For this 
reason, the in vivo expression of p(ser473)-AKT was compared 
in vehicle- and QLT0267-treated animals using tumor tissues 
collected after 7 days of daily dosing (p.o.) with 200 mg/kg of 
QLT0267. Twenty-four hr after the last treatment (168-hr time-
point; Fig. 1), animals were sacrificed, and the tumor tissue was 
harvested and then preserved in paraffin blocks for TMA gen-
eration. TMA sections were subjected to IHC of p(ser473)AKT 
and digital quantitative analysis using the Aperio ImageScope 
software. The resulting data have been summarized in Fig. 2D–
2H. Figure 2D–2G shows representative tissue cores from posi-
tive control samples of breast tumor tissue known to express 
high levels of p(ser473)AKT (Fig. 2D); negative control sam-
ples, where the primary antibody was omitted (Fig. 2E); vehi-
cle-treated tumors (Fig. 2F), and QLT0267-treated tumors (Fig. 
2G). p(ser473)AKT expression was quantified using the Aperio 
ImageScope positive-pixel algorithim (Fig. 2H). Surprisingly, 
after 7 consecutive, daily treatments, there was no statistically 
significant difference in p(ser473)AKT expression between 
vehicle- and QLT0267-treated tumors. From the data summa-
rized in Fig. 2, it was hypothesized that QLT0267 mediated the 
suppression of ILK activity and, therefore, suppression of 
p(ser473)AKT occurred at earlier time-points and was no lon-
ger observed after 7 days, possibly due to redundant pathways 
mediating the phosphorylation of AKT. The following studies 
evaluated how QLT0267 influenced ILK-associated signaling 
pathways in vivo over a time course of 24 hr following admin-
istration. This kinetic approach allowed us to examine the 
effects of an ILK-targeted agent (QLT0267) in vivo when the 
established tumor was first exposed to the drug.

QLT0267 Pharmacokinetic Profile Indicates 
Clearance of the Drug from the Plasma 
Compartment Occurs within 24 Hours

When considering the time course of treatment effects, it is 
important to first have an understanding of drug concentration 
versus time profiles. A pharmacokinetic analysis of QLT0267 
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was performed to determine the rate of drug clearance from 
the plasma compartment. Animals were treated with 200 mg/
kg of QLT0267 and blood was collected and processed at 2, 4, 
6 and 24 hr, as described in the Materials & Methods. Results 
summarized in Fig. 3 indicate that, following oral administra-
tion of QLT0267, peak serum concentrations of the drug were 

observed at 2 hr after drug administration. By 6 hr, greater 
than 90% of the drug had been eliminated. The calculated 
AUC

0-24h
 was 37,809 ng/ml per hr, as determined using 

WinNonlin software. Drug levels at the 24-hr time-point were 
still above the limits of quantification; however, 98% of the 
drug had been cleared by this time.

Figure 2. At 7 days post-treatment, tumor growth suppression is observed but p(ser473)AKT levels are not altered. (A) In vitro 
western blot analysis of LCC6WT-luc cells illustrates that treatment with QLT0267 has a dose-dependent effect on the suppression of 
p(ser473)AKT. (B) Representative images from bioluminescent analysis of orthotopic LCC6WT-Luc treated with vehicle and QLT0267 
are shown. (C) Total light emission from tumors in animals was visualized and quantified at the time of tumor cell inoculation (IN), and 
4, 24, and 168 hr after treatment initiation. At 168 hr, animals treated with QLT0267 showed lower total light flux than vehicle control 
(p<0.05). (D–G) Day 7 IHC of p(ser473)AKT was performed on a TMA containing tumor cores from vehicle- and QLT0267-treated 
animals. Positive (breast cancer tissue) (D) and negative (primary Antibody omitted) (E) controls are shown. At the 7 day time-point, no 
significant difference (p>0.05) in p(ser473)AKT staining is observed when comparing tumors from vehicle (F) and QLT0267 treated (G) 
animals (n=4 and 8, respectively) as quantified by positive pixel counting (H). Scale, 50 μm.
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At Early Time Points, QLT0267 Suppresses 
Phosphorylation of AKT at Serine 473 while 
Altering Pro-apoptotic Markers, BAD and 
Caspase-3

For the following IHC studies, a TMA was constructed to 
evaluate changes in expression, activation, or subcellular 
localization of selected proteins following treatment 
using QLT0267 as a function of time. Animals were 
treated (p.o.) with 7 daily doses of QLT0267, and animals 
were sacrificed at 2, 4, 6, 24, 78, 126 and 168 hr (see Fig. 
1). Tumor tissue was harvested and then preserved in par-
affin blocks for TMA generation. Slides were subjected to 
IHC and digital quantitative analysis using the Aperio 
ImageScope software. The resulting data has been sum-
marized in Figs. 4–8.

There was a significant decrease in positivity (the num-
ber of positive pixels over total number of pixels) of 
p(ser473)AKT in the QLT0267-treated tumors as compared 
with the vehicle-treated tumors at time-points within the 
first 24 hr of treatment [2 hr (p=0.0095), 24 hr (p=0.0046); 
Fig. 4B). After 24 hr, p(ser473)AKT levels began to nor-
malize and even exceed that seen in the vehicle treatment 
group. These data are consistent with in vitro data collected 
by our laboratory and published by Verreault and Bally 
(2009), which suggests that suppression of p(ser473)AKT 
is transient and may instigate compensatory pathways lead-
ing to the activity of AKT. Interestingly, we also show that, 
as tumors increase in size, both control, untreated tumors 
(data not shown) and vehicle-treated tumors have reduced 
levels of p(ser473)AKT. Figure 4B shows representative 

images of p(ser473)AKT staining in tumors from animals 
treated with vehicle or QLT0267 for 2 or 24 hr. These 
images illustrate that p(ser473)AKT staining is cytoplasmic 
and diffuse in the tumors from both vehicle- and QLT0267-
treated animals. To validate the TMA and digital quantifica-
tion of IHC methodology, p(ser473)AKT expression was 
evaluated by visual scoring of whole tumor tissues from 
each time-point. These data are summarized in Fig. 4C. As 
shown, scoring of tissues obtained from treated animals for 
p(ser473)AKT is low at early time-points; however, levels 
recover after 24 hr.

In an effort to establish the molecular mechanism 
through which QLT0267 causes growth suppression (see 
Fig. 2A and 2B), LCC6WT-luc cells were examined for alter-
ations in pro-apoptotic marker expression that are down-
stream of AKT. Preliminary in vitro studies, shown in Fig. 
5A and 5B, indicate that the pro-apoptotic protein BAD 
experiences changes in activity and subcellular localiza-
tion in response to QLT0267. Figure 5A is a representative 
western blot image that shows when LCC6WT-luc cells have 
been treated with QLT0267 in vitro, expression of p(ser473)
AKT decreases while the expression of activated BAD 
(p(ser136)BAD) increases. Figure 5B illustrates BAD (red) 
and Bcl-xl (green) immunofluorescence staining in 
LCC6WT-luc cells that have been treated with vehicle or 
QLT0267 in vitro. After 4 hr of treatment, BAD looks to 
have been translocated to subcellular structures, as indi-
cated by the perinuclear pattern that appears in treated cells 
(Fig. 5B, see white arrows). TMA tumor cores were 
assessed for the expression of BAD and Caspase-3  in order 
to determine if the tumor growth suppression observed in 
Fig. 2 is perhaps due to an early induction of apoptosis. 
Figure 5C shows the negative control for BAD expression, 
where samples were treated with secondary antibody alone. 
The positive control for BAD expression was tonsil tissue, 
where apoptosis is known to occur regularly in the germi-
nal centers. Note, in the positive control tonsil tissue, BAD 
appears punctate in the cytoplasm (Fig. 5C, arrow). BAD 
expression was quantified using the Aperio ImageScope 
pixel counting algorithm at 2 hr post treatment. No statisti-
cally significant difference in the expression of BAD 
between the tumor cores derived from vehicle- or 
QLT0267-treated animals was observed through visual 
inspection of the TMA or through performing digital quan-
tification (Fig. 5D). This was consistent with results from 
4, 6 and 24 hr (data not shown). Upon closer examination 
of the tumor tissue, however, a change in the sub-cellular 
localization of BAD was noted in tumor cores obtained 
from animals treated with QLT0267 for 2 hr. Figure 5E 
shows representative images of tumor cores from the 2-hr 
time-point for vehicle-treated and QLT0267-treated ani-
mals; in the tumor tissue from mice treated with the vehicle 
control, BAD is diffuse within the cytoplasm, whereas in 
tumor tissue from animals treated with QLT0267, BAD 

Figure 3. QLT0267 pharmacokinetic profile. QLT0267 treated 
animals (n=4 per time-point) were terminated by CO

2
 asphyxiation 

at 2, 4, 6 and 24 hr after treatment, and blood was collected 
by cardiac puncture. Subsequently, plasma was separated from 
blood cells and subject to LC-MS to determine concentrations 
of QLT0267 in plasma. The majority of QLT0267 was eliminated 
from the blood compartment within 6 hr (red arrow), where the 
AUC = 37,809 ng/ml per hr.
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appears within distinct puncta. It is known that mitochon-
drial localization of BAD occurs when AKT is inactive (Le 
Bras et al. 2006; Thompson and Thompson 2004). Thus, 
we speculate that inhibition of AKT 2 hr after treatment 
with QLT0267 may lead to an activation of BAD, its local-
ization to the mitochondrial membrane, and the beginning 
of the intrinsic apoptotic pathway. Scoring of tumor cores 
from the 2-hr time-point for the presence of puncta was 
done on a scale of 0 to 2. These data are summarized in Fig. 
5F. Staining for p(136)BAD was attempted in order to 
determine whether treatment with QLT0267 was able to 
activate BAD; however, three commercially available anti-
bodies for p(136)BAD could not be validated using the 
IHC methods described.

In vitro, cells were treated with QLT0267 for 12, 24, 46 
and 72 hr and subjected to a luminescence-based 

Caspase-3/7 activity assay in vitro to confirm that treatment 
of cells using QLT0267 is capable of initiating apoptosis. 
The results summarized in Fig. 6A demonstrate that treated 
cells have higher Caspase-3 activity than untreated con-
trols. However, the activity of Caspase-3 post-treatment is 
not sustained; rather, the highest level of Caspase-3 activity 
is observed at 12 hr after treatment. To determine whether 
apoptosis was actively occurring in treated tumors, TMA 
cores were examined for Caspase-3 expression. 
Quantification of Caspase-3 expression in vehicle- and 
QLT0267-treated tumors was accomplished across the 
entire time-course (2, 4, 6, 24, 72, 126, and 168 hr; Fig. 1) 
using the constructed TMA. A preliminary analysis revealed 
a significant (p=0.045) peak in Caspase-3 expression at 6 hr 
in tumors from QLT0267-treated mice when compared to 
tumors from mice treated with the vehicle control (Fig. 6B). 

Figure 4. Kinetics of p(ser473)AKT expression in vivo. (A and B) Quantification of p(ser473)AKT-positive pixels in TMA tumor cores 
from vehicle- and QLT0267-treated animals was performed using the Aperio ImageScope software. A decrease in positivity of p(ser473)
AKT in the QLT0267-treated tumors is seen when compared to the vehicle-treated tumors at early time-points; 2–24 hr (p<0.005). 
After 24 hr, p(ser473) AKT levels rose beyond the expression seen in the vehicle-treated animals. p(ser473) AKT levels in vehicle-
treated tumors declined with increasing tumor size. Representative p(ser473)AKT IHC images from tumors collected after 2 and 24 hr 
of vehicle and QLT0267 treatment are shown. (C) P(ser473)AKT expression was evaluated by visual scoring on whole tumor tissues 
from each time-point. Scale, 50 μm.
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Because tumor cores were collected from regions of the 
whole tissue that appear seemingly healthy, the analysis of 
Caspase-3 activity at the 6-hr time-point was also subjected 
to evaluation in whole tumor tissue sections from vehicle- 
and QLT0267-treated animals. Figure 6C is a representative 
image of a whole tumor section, where the analyzed ROI 
included the viable tumor tissue outlined in red but excluded 
necrotic tissue (and a tumor margin) outlined in green. The 
colorized image from Fig. 6C represents the mark-up of the 
pixels performed by Aperio ImageScope software, where 
blue represents negative pixels, and orange/red represents 
Caspase-3-positive pixels. Figure 6D shows the average 
pixel positivity in whole tumor sections from vehicle-
treated and QLT0267-treated animals at the 6-hr time-point 
after the first dose, illustrating that higher Caspase-3 

expression was observed in tumor samples obtained from 
QLT0267-treated animals compared with vehicle controls 
(p=0.055). Figure 6E shows a close-up of the representative 
images from the positive control tonsil tissue, tumors from 
vehicle-treated animals, and tumors from animals treated 
with QLT0267.

In Vivo Expression of Two ILK Effectors, TWIST 
and pGSK3, Is Suppressed following a Single 
Dose of QLT0267
In order to determine whether the inhibitory effects of 
QLT0267 are specific to ILK signaling, the expression of 
two additional downstream effectors of ILK—TWIST and 
GSK—was evaluated on the TMA. TWIST is a 

Figure 5. QLT0267 triggers a change in the subcellular localization of the pro-apoptotic protein BAD. (A) In vitro examination of 
p(ser136)BAD expression shows that QLT0267-treated LCC6WT-luc cells have decreased expression of p(ser473)AKT and increased 
expression of activated BAD (p(ser136)BAD). (B) Immunofluorescence of BAD (red) and Bcl-xl (green) was examined after treatment. 
An alteration in the subcellular localization of BAD is observed (white arrows). (C) In vivo, the negative and positive control staining 
for BAD is provided using tonsil tissue. Primary antibody was omitted in the negative control. The positive control shows that BAD is 
localized to punctate structures in the cytoplasm (black arrow). (D) BAD expression was assessed in tumors from animals treated with 
vehicle or QLT0267 at 2 hr. Staining was quantified using the Aperio ImageScope software. (E) Representative tumor cores from the 
2-hr time-point for vehicle-treated and QLT0267-treated tumors (n=4 and 8, respectively). In the tumors from animals treated with the 
vehicle control, BAD distribution appears to be diffuse and cytoplasmic, whereas, in tumor tissue from animals treated with QLT0267, 
BAD appears to be localized to puncta (black arrows). (F) The presence of puncta was evaluated using visual scoring, where no puncta 
was given a score of 0, low numbers of cells with puncta, a score of 1, and high numbers, a score of 2. Bar (B) 5 μm; (C, E) 10 μm.
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transcription factor that is up-regulated in breast cancers 
and has been shown to influence Y-box protein binding 1 
(YB-1) expression (Shiota et al. 2008). Recently, it was 
demonstrated that ILK influences TWIST expression; more 
specifically, application of QLT0267 to breast cancer cells 
in culture led to suppression of TWIST, YB-1 and Her2/neu 
(Kalra et al. 2010). To determine whether a QLT0267-
mediated suppression of TWIST also occurs in vivo, the 
TMA was evaluated for TWIST expression using digital 
quantification as well as visual scoring across all time-
points. As seen in Fig. 7A, tonsil tissue was negative for 
TWIST expression. Representative images from vehicle- 
and QLT0267-treated tumors (Fig. 7A) demonstrated that 
TWIST expression is decreased in QLT0267-treated tumors 
at the 24-hr time-point. Figure 7B and 7C show the quanti-
fication of IHC data, illustrating that TWIST is significantly 
lower in QLT0267-treated tumors as compared to vehicle 
controls at 24 hr after the first treatment. As validation for 

digital quantification, visual inspection and scoring of the 
tumor cores was done on a scale of 0 to 3. These data are 
summarized in Fig. 7D.

GSK-3 is a serine/threonine kinase involved in glyco-
gen metabolism, cell development, gene transcription, 
protein translation, cytoskeletal organization, cell cycle 
regulation, proliferation, and apoptosis (Phukan et al. 
2010). GSK-3 is active in resting cells and its activity is 
inhibited when phosphorylated by ILK and AKT 
(McDonald et al. 2008; Yoganathan et al. 2000). TMA sec-
tions were assessed for p(ser9/21)GSK-3αβ expression by 
IHC at the 24-hr time-point following treatment initiation. 
As seen in Fig. 8A, tonsil tissue was mostly negative for 
p(ser9/21)GSK-3αβ. Figure 8B shows a colorized mark-
up of the IHC image, differentiating negative (blue), mod-
erately positive (orange), and strongly positive (red) 
pixels. Representative images from vehicle- (Fig. 8C and 
8D) and QLT0267 (Fig. 8E and 8F)-treated tumors 

Figure 6. Caspase-3 expression is increased in tumors treated with QLT0267 at 6 hr. (A) In vitro analysis of Caspase3/7 activity was 
performed using a luminescence-based Caspase-3/7 assay. As shown, treatment using QLT0267 was able to promote increased Caspase 
activity in vitro with a peak at 12 hr after treatment. (B) Evaluation of Caspase-3 was performed on the full tissue microarray using 
digital quantification. A significant increase in Caspase-3 expression was observed at the 6-hr time-point (p<0.05). (C) Whole tissue 
sections were analyzed for Caspase-3 expression using the Aperio ImageScope Software. The whole tumor section was marked off as 
the ROI, except for the region outlined in green, which represents necrotic tissue plus a margin that was excluded from the analysis. The 
colorized image represents the mark-up after the positive pixel count algorithm was performed: blue represents negative pixels; orange, 
positive pixels; and red, strongly positive pixels. Note that the region selected as necrotic was not included in the mark-up image. (D) 
Quantification of all sections analyzed from the 6-hr time-point shows that QLT0267-treated tissues have significantly higher Caspase-3 
activation than vehicle-treated tumors (n=6 and 4, respectively, p<0.05). (E) Positive control tonsil tissue exhibits single-positive cells 
scattered throughout negative tissue (see arrows). Vehicle-treated tumor tissues exhibit diffuse weak cytoplasmic staining, with some 
positive cells, whereas QLT0267-treated tumors show increased cytoplasmic staining and an increase in the number of positive cells. 
Scale (C) 100 μm; (E) 50 μm.
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demonstrate that pGSK expression is decreased in 
QLT0267-treated tumors at the 24-hr time-point. Figure 
8G and 8H represent the quantification of overall positiv-
ity and only strongly positive staining, respectively. The 
quantification results indicate that tumors from QLT0267-
treated animals exhibit a small, albeit significant, decrease 
in overall positivity (Fig. 8G). On visual inspection, we 
noted that the staining of p(ser9/21)GSK-3αβ was gener-
ally very positive but showed some variability in intensity 
between treatment groups. This observation gave us an 
opportunity to use the intensity function of the digital 
quantification software. Using the Aperio ImageScope 
positive pixel algorithm, it is possible to stratify pixels 
according to the intensity of staining; therefore it was pos-
sible to separately quantify strongly positive p(ser9/21)
GSK-3αβ staining from moderate or weak staining. A sig-
nificant (p=0.0113) decrease in strongly positive staining 
(Fig. 8H) was seen in the QLT0267-treated tumors com-
pared to vehicle-treated tumors.

Discussion

The primary objective for this study was to establish that 
several tools, such as non-invasive imaging, pharmacoki-
netics, TMA, IHC, and digital image analysis, can be used 
to rapidly evaluate multiple endpoints in a preclinical drug 
efficacy study. Potentially, these same tools could be used 

to assess the action of this drug when used to treat patients. 
It is recognized that analysis of protein expression by IHC 
methods (similar to western blot analysis) are qualitative in 
nature. In an attempt to address this, digital scanning and 
image analysis software were used to evaluate IHC stain-
ing. TMA cores were evaluated by visual scoring proce-
dures using a microscope, and digitized images of the TMA 
were analyzed using pixel-counting algorithms from Aperio 
ImageScope software to quantify alterations in molecular 
expression as well as changes in staining intensity. Visual 
scoring proved time-consuming and was less effective at 
picking up the subtle changes in marker expression, whereas 
digital quantification enabled the use of high-resolution, 
high-magnification images to count positive pixels and to 
assess for changes in marker localization. Together, the use 
of TMA and digital quantification enabled a streamlined 
and more quantitative approach to the assessment of marker 
expression following the delivery of QLT0267 in animals 
with established tumors. There has been some discussion 
regarding the use of digital quantification in clinical pathol-
ogy. Although the utility of pixel counting algorithms has 
proven to be similar to pathologist visual scoring of clinical 
samples, the use of automated technology may, at this time, 
still require the input of a pathologist for region selection 
and quality assurance (Cantaloni et al. 2011; Lloyd et al. 
2010; Potts 2009; Prasad and Prabhu 2011; Rexhepaj et al. 
2008; Rojo et al. 2009; Slodkowska et al. 2011). Newer, 

Figure 7. TWIST expression is suppressed by QLT0267 in vivo. Quantification of TWIST staining on the full TMA was performed 
using Aperio ImageScope software. (A) Tonsil tissue was used as the negative control. At 24 hr, vehicle-treated tumor samples showed 
cytoplasmic, peripheral and nuclear staining of TWIST. Comparatively, QLT0267-treated tumors from the same time-point exhibited 
an overall decrease in TWIST, with little to no evidence of peripheral and nuclear staining. (B, C) Quantification of TWIST expression 
showed that TWIST is significantly decreased in QLT0267-treated tumors as compared to vehicle controls at 24 hr after the first 
treatment. (D) TWIST expression was also evaluated by visual scoring of the TMA cores from each time-point. Scale, 50 μm.
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trainable systems are being evaluated, and the technology is 
certainly improving (Nassar et al. 2011). To date, this tech-
nology has not been employed in a meaningful way to sup-
port preclinical studies looking at drug efficacy and 
mechanism of action. We believe that this type of mechanis-
tic study is an important step in the design of a robust, pre-
clinical study of a targeted treatment. We also believe that 
this analytical strategy can be employed in Phase 0 clinical 
studies to establish that drug-mediated effects on targeted 
pathways are maintained in patients. In this study, it is dem-
onstrated that the digital scanning and pixel counting of 
IHC is a useful tool for evaluating shifts in signal transduc-
tion. Furthermore, we were able to optimize our data collec-
tion by using a systemic approach that considered time as a 
key variable: (1) BLI was employed to determine the earli-
est time-point at which treatment is effective at suppressing 
tumor growth; (2) Pharmacokinetic data helped to define 
the time-point at which drug concentration is highest in the 
blood compartment; and (3) TMA/IHC and digital analysis 
enabled the examination of marker expression as a function 

of time. This study provides a framework on which future 
drug efficacy studies, both preclinical and clinical, can be 
designed.

The secondary objective of this study was to elucidate the 
mechanism through which ILK inhibition may lead to 
reduced tumor burden in vivo. Using IHC, the signaling con-
sequences of ILK inhibition was evaluated in an animal 
model of breast cancer. Although it is recognized from in 
vitro studies of breast tumor cells that ILK inhibition or ILK 
silencing can reduce p(ser473)AKT levels (Kalra et al. 2009; 
McDonald et al. 2008), it is not clear whether these changes 
are transient or whether lasting changes occur in vivo. As a 
precursor to the in vivo studies described here, we had noted 
that, in three different breast cancer cell lines (MDA-MB-435/
LCC6, JIMT-1, and SKBR-3), silencing of ILK using ILK 
siRNA was able to abrogate phosphorylation of AKT at least 
initially (between 12 and 24 hr). However, levels of p(ser473)
AKT would rise back to baseline within 24–48 hr with sus-
tained loss of ILK expression in vitro (unpublished data). It 
should be noted that a previous study has also demonstrated 

Figure 8. GSK-3 is activated by QLT0267 in vivo. (A, B) Vehicle- and QLT0267-treated tumor cores were subject to p(ser9/21)GSK-
3αβ staining and quantification using Aperio ImageScope software. Tonsil tissue exhibits very little moderate intensity staining. (C–F) 
Digital images of vehicle (C, D) and QLT0267 (E, F) cores indicate reduced p(ser9/21)GSK-3αβ in QLT0267-treated tumor cores as 
compared to vehicle-treated samples. The colorized mark-up image shows different levels of pixel intensity, where blue represents 
negative pixels; orange, moderately intense positive pixels; and red, strongly intense positive staining. Strong staining (red) is decreased 
in the tumor cores treated with QLT0267. Quantification of overall positivity (G), and strongly positive pixels based on higher threshold 
(H) was performed using the Aperio ImageScope software analysis. QLT0267-treated tumors show a significant decrease in positivity 
(p=0.0089) and strongly positive (p=0.0113) pixels as compared with vehicle-treated tumors (n=5 and 4, respectively). Scale (E, F) 10 μm.
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that ablation of ILK signaling caused only a short-lived sup-
pression of p(ser473)AKT in vitro (Verreault and Bally 
2009). Many studies to date indicate that the AKT pathway, 
being central to a number of homeostatic mechanisms within 
the cell, is likely controlled by multiple redundant pathways 
(Logue and Morrison 2012). Where one pathway leading to 
the phosphorylation of AKT is inhibited (for example, ILK), 
another may be activated to compensate (such as mTORC2/
Rictor or IGF). In this study, we illustrate that QLT0267 was 
able to inhibit tumor growth after one week of daily dosing, 
as measured by bioluminescence (Fig. 2B, 2C). However, 
tumors harvested on the last day of the study exhibited no 
significant changes in p(ser473)AKT expression, as deter-
mined using immunohistochemistry (Fig. 2H). A pharmaco-
kinetic profile of QLT067 showed that plasma drug levels 
rapidly decline within the first 6 hr after administration (Fig. 
3). In light of these results, the remaining studies focused on 
early changes in signaling that occur when the tumors are 
first exposed to QLT0267. A TMA was constructed from 
treated and untreated tumors collected in the first 24 hr after 
a single treatment and from samples collected after subse-
quent dosing for 7 days (Fig. 1). The rationale for using a 
TMA in this study was based on the need to evaluate the 
expression of selected markers in a large number of samples 
simultaneously. Using the TMA, we were able to establish a 
time course for changes in each of the markers examined. 
Interestingly, we observe that, within 24 hr of treatment, 
p(ser473)AKT declines, however, these changes are seem-
ingly transient. For example, a significant decrease in 
p(ser473)AKT was noted within 2 hr after QLT0267 was 
administered (Fig. 4) and the effect was maintained, albeit at 
a reduced level, for 24 hr. This result confirms our expecta-
tions, but it is not clear why the effect was not sustainable 
after 7 days of daily treatment (Fig. 2H). We hypothesize 
that signal ablation follows the same kinetic pattern of 
QLT0267 pharmacokinetics; thus, the changes in signal 
transduction are only transient, peaking when the drug con-
centration is at its peak. In Fig. 3 we show that QLT0267 is 
cleared from the plasma compartment within 6 hr and, by 24 
hr, little to no drug remains. Our study of the TMA shows 
that the abrogation of ILK effectors is observed in the first 
few hours after treatment. Thereafter, the changes are no 
longer significant. Each of the subsequent tumor harvests 
are performed 6 hr after dosing (at 30 hr, 78 hr 126 hr) and 
the final harvest is done 30 hr after the last treatment. For 
each of the subsequent doses, we believe that any suppres-
sion of ILK signaling would have already occurred within 
the critical 6-hr time-point and the suppression is not main-
tained at the time of tumor harvest.

As noted, QLT0267 is able to cause growth inhibition in 
the LCC6WT-Luc breast cancer model, and it is possible that 
early suppression of p(ser473)AKT is contributing to this 
effect. For this reason, the survival pathway downstream of 
AKT was evaluated for changes in the first 24 hr after 

treatment. Following first exposure to QLT0267, p(ser473)
AKT levels were reduced, and evidence for initiation of the 
intrinsic pathway to apoptosis was observed (Figs. 5, 6). A 
change in the subcellular localization of BAD (Fig. 5), and 
activation of Caspase-3 (Fig. 6) has been documented to 
occur at 6 hr. This novel in vivo evidence supports: (1) a 
link between inhibition of ILK, suppression of p(ser473)
AKT, and activation of BAD, and (2) induction of apoptosis 
as the mechanism of action for QLT0267. We also provide 
evidence that QLT0267 treatment affected pathways involv-
ing EMT (TWIST) (Fig. 7) and cell metabolism (GSK-3) 
(Fig. 8) in vivo. Taken together, the data suggests that the 
inhibition of ILK signaling had early effects on an ortho-
topic model of breast cancer that could be important in the 
drugs’ action to inhibit tumor progression.
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