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ABSTRACT
Heme oxygenase (HO) is the enzyme that breaks down heme to form carbon
monoxide, free iron, and biliverdin. The two major isoforms, HO-1 (inducible) and HO-2
(constitutive), are involved in a number of physiological functions, including apoptosis,
inflammation, and angiogenesis. In cancerous cells these effects may promote growth,
tumour cell survival, and metastasis. Many tumour types have demonstrated increased
levels of HO, and research has shown that HO inhibition results in decreased tumour
growth.
Previous work using metalloporphyrin-based compounds identified HO inhibition
as a potential therapy for some cancers, but these compounds are limited by their lack
of selectivity. Novel azole-based HO inhibitors (QC-xx) have demonstrated increased in
vitro selectivity for HO and were tested for their effects on AC2M2 mouse breast cancer
growth and progression. QC-xx demonstrated a concentration-dependent decrease in
AC2M2 cell viability and a decrease in endothelial cell tube-like sprouting in an in vitro
model of angiogenesis. While there was some evidence that QC-xx treatment could
delay primary AC2M2 tumour growth and the development of lung metastases in vivo,
the results were inconclusive. The effects of QC-xx on HO activity were different
between rats, from which the initial HO data was obtained, and mice, from which our
AC2M2 cells were derived. Further examination indicates that HO activation may help
elucidate the role of HO in AC2M2 mouse breast cancer growth and progression. The
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findings will help determine whether HO is an appropriate target in the treatment of
breast cancer.
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Chapter 1 - General Introduction
Carbon monoxide (CO), which is produced in the environment from the
incomplete combustion of hydrocarbons, is usually present in the atmosphere at
concentrations of less than 0.001%1. Common sources of exogenous CO include motor
vehicle exhaust fumes, faulty heating systems, and inhaled smoke (e.g. cigarettes). CO is
a colourless, odourless gas and inhalation can be dangerous as CO has a higher affinity
(approximately 200-250 times greater) for binding to hemoglobin than oxygen. The
resulting increases in carboxyhemoglobin (HbCO) concentrations can be toxic, with
headaches appearing after 2-3 hours of exposure at low concentrations (35-400 ppm)
and death occurring within minutes of very high exposure (12,800 ppm) (Table 1.1).
While HbCO is detectable in everyone, smokers are able to reach 10% HbCO regularly,
while nonsmokers average 1-3% HbCO1,2.
Low levels of CO are also produced by the body, as a product of the breakdown
of heme. A physiological role for CO was hypothesized by Marks and colleagues3 which
was based upon the similarities between CO and nitric oxide (NO). NO, which is
produced in the conversion of L-arginine to L-citrulline by nitric oxide synthase (NOS),
has a role in many physiological processes. NO is also known as endothelium derived
relaxing factor (EDRF), which has been extensively studied4–6.
CO is produced from the breakdown of heme by the enzyme heme oxygenase
(HO), in a reaction that also produces ferrous iron (Fe2+) and biliverdin (BV), which is
quickly reduced to bilirubin (BR)7,8 (Figure 1.1). CO and NO have very similar chemical

1

Table 1.1 The toxicological effects of increasing carbon monoxide exposure on humans. Table modified
from the Agency for Toxic Substances and Disease Registry (ATSDR)9 and Greiner10.

Concentration
(ppm)
1-2

% HbCO

Time

Symptoms

0.4-0.5

75

10

100
200

14
24

400

38

800

56

Normal exposure
Decrease in oxygen to the heart;
smokers can reach this %HbCO
Slight headache
Slight headache; impaired judgement
Frontal headache
Life threatening
Dizziness, nausea, convulsions
Unconsciousness
Death
Headache, tachycardia, dizziness,
nausea
Death
Headache, dizziness, nausea
Death
Headache, dizziness, nausea; thinking
impaired before can properly respond
Death
Unconsciousness after 2-3 breaths
Death
Death

2-3 hours
2-3 hours
1-2 hours
>3 hours
45 min
<2 hours
2-3 hours
20 min
<2 hours

1,600

5-10 min
30 min
1-2 min

3,200
6,400

10-15 min
12,800
100,000

1-3 min
75

<1 min

2

11

Figure 1.1 Catalysis of heme, by heme oxygenase, produces free iron, carbon monoxide, and biliverdin.
Biliverdin is further reduced by biliverdin reductase to produce bilirubin. Modified from Maines 11

3

structures, but NO has an unpaired electron, leading to an increase in reactivity and
short half-life (T1/2) of a few seconds12,13. Comparatively, CO is highly stable and its T1/2 is
4-6 hours14. Both CO and NO bind to various hemoproteins, such as soluble guanylyl
cyclase (sGC), resulting in downstream effects15.
It has since been acknowledged that CO is not merely a waste product, it plays
an important role in a variety of homeostatic processes (e.g. blood vessel tone
regulation, smooth muscle cell regulation, etc.), as reviewed by Bilban et al.16 and, along
with NO and hydrogen sulfide (H2S), fulfills the criteria to be considered a gaseous
neurotransmitter (a.k.a. gasotransmitter)17 (Table 1.2). While it is apparent that CO is an
important physiological gasotransmitter, its full role has yet to be elucidated.
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Table 1.2 Characteristics of gasotransmitters as they relate to carbon monoxide. Modified from Wang17.

Gasotransmitter characteristic
Being a small gaseous molecule
Permeating membranes freely and not
relying on membrane-bound receptors
to exert their effects.
Endogenous production is regulated
and enzyme dependent

Specific functioning at physiologically
relevant concentrations

Having molecular targets that may or
may not regulate second messengers

Carbon Monoxide
CO is an odourless and colourless gas at
temperatures above -190°C18
CO can easily diffuse across the cell
membrane, known targets (e.g. sGC) are in
the cytoplasm19
CO is produced by HO, which is ubiquitous
and requires the presence of heme, water,
and NADPH. HO can also be upregulated in
response to several inducers and stressors11
Endogenous CO can activate sGC to
produce cyclic guanosine, 3’,5’monophosphate (cGMP), which acts as a
vasodilator in the vasculature18 or it can act
in the central nervous system as a
neurotransmitter20
CO can act directly on sGC to produce
cGMP, which elicits vasodilation within the
vasculature or CO can act on calciumactivated K channels to mediate
vasodilation21
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1.1 Heme Oxygenase
HO was originally believed to be a part of the cytochrome P450 (CYP) family of
enzymes, however it was characterized as a distinct family of proteins in 197422,23. Two
active and one inactive forms of HO have been identified: heme oxygenase-1 (HO-1) and
heme oxygenase-2 (HO-2) are the active isoforms11; heme oxygenase-3 (HO-3) has no
known function and has only been observed in rat tissues24,25. While the two active
isozymes of HO are the products of two separate genes26, the mechanism of heme
degradation is believed to be conserved between the two active isoforms 11,27. A
24-amino-acid long residue, known as the “HO signature” (GenBankTM, DNA Database,
National Center for Biotechnology Information), is highly conserved in mouse, rat, and
human HOs; the only difference is one amino acid midway through this sequence, which
is a methionine in HO-2 and a leucine in HO-17,28. This sequence makes up the
hydrophobic catalytic pocket. The amino acid sequence for HO-2 (~36 kDa) is longer
than that of HO-1 (~32 kDa). The majority of additional amino acids found in HO-2s are
in the N-terminal region and includes two cysteine residues (absent in HO-1s)7,29 that
are located in two conserved heme regulatory motifs (HRMs)29. The HRMs found in
HO-2 are not required for HO activity29.
While the presence of HO is ubiquitous, HO-1 is found in abundance in the
spleen; while HO-2 is found primarily in the testes and brain7,30. HO-1 is the inducible
enzyme, with protein expression increasing in the presence of various stressors 7. HO-2 is
considered to be the constitutive form, found in relatively stable levels, but the protein
can be up-regulated in the presence of glucocorticoids31,32.
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1.1.1 Physiological Role of Heme Oxygenase-1
HO-1, originally known as heat shock protein 32 (HSP32), is located primarily in
the spleen and is highly expressed in tissues that degrade senescent red blood cells (e.g.
reticuloendothelial cells of the liver and bone marrow)7,20. HO-1 protein expression is
induced not only in the presence of heme, but in response to several external stressors,
such as heat shock, UV light, heavy metal exposure (e.g. Cd2+, Co2+), hypoxia, and
reactive oxygen species11,20,33,34. HO-1 acts in a cytoprotective manner, its induction
leads to an increase in heme breakdown: free heme can act as a pro-oxidant35; biliverdin
and bilirubin are powerful cyclic antioxidants36–39; ferrous iron induces the expression of
ferritin, which sequesters free iron, a pro-oxidant40,41; and CO has been shown to be
involved in several cytoprotective processes, such as anti-inflammation and antiapoptosis42–52.
HO-1, while found throughout the body, is upregulated in many disease-states
including several cancers, such as prostate cancer53, renal cell carcinoma54, pancreatic
cancer55, cerebral glioblastoma and astrocytoma56, chronic myeloid leukemia57, and
non-small cell lung cancer58,59. Further complicating the matter, HO-1 protein expression
can increase in response to anti-cancer treatments, including radiotherapy,
chemotherapy, and photodynamic therapy (e.g. microlaser treatment)55,60. HO-1 has
been suggested to play a cytoprotective role in these cancers, allowing the cancerous
cells to survive and proliferate. Inhibition of HO-1, through the use of siRNA, in
combination with traditional anticancer therapies, can lead to decreased tumour
survival and increased response to treatment61,62.
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1.1.2 Physiological Role of Heme Oxygenase-2
HO-2 is the protein responsible for CO production under normal physiological
conditions7. It is also found throughout the body, but protein expression is highest in the
brain and testes. While expression is typically considered to be constitutive, in addition
to glucocorticoids, expression has been found to be upregulated in response to
estrogens63 and opioids64. Unlike HO-1, HO-2 protein expression is not upregulated in
response to metalloporphyrin (Mp) treatment65. Less is known about HO-2, when
compared to HO-1, however it is believed to play a role in oxygen sensing, indicated by
its elevated presence in endothelial cells lining blood vessels and carotid body
chemoreceptors11,66,67. While its expression remains relatively constant, the presence of
a glucocorticoid response element in the promoter region of the HO-2 gene indicates
that the presence of adrenal glucocorticoids may increase HO-2 protein expression32.
Physiologically, this upregulation may play an important role in the inflammatory
response65. It has been hypothesized that the upregulation of HO-1 protects against
further oxidative damage while the upregulation of HO-2 protects against inflammatory
damage68.
Together with NOS and sGC, HO-2 is co-localized within most tissues with an
exception being within some regions of the brain where NOS and sGC are not present in
close proximity. Verma and colleagues interpreted this as further evidence that HO-2
derived CO acts as a local mediator of cGMP production in the absence of NO69. One of
the major tools used to study the function and activity of the HO/CO system has been
the metalloporphyrin class of compounds. Unfortunately these agents are non-selective
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for either HO-1 or HO-2 and they inhibit the activity of other hemoproteins, such as
NOS, sGC, and CYPs45,70, thus limiting their use in studying the roles of HO and its
downstream effects.
Recently, evidence of increased HO enzyme activity in response to menadione,
as demonstrated by an increase in CO production, has been shown71,72. When
menadione was incubated with brain microsomes, a source of HO-273, and recombinant
truncated human HO-2 (hHO-2) protein, a significant increase in CO production was
observed using gas chromatograpy. This response was selective for HO-2 and
observations using such drugs should help further elucidate the physiological role of HO2 under normal and disease-state conditions.
1.1.3 Mechanism of Heme Degradation
The degradation of heme is a three-step process and is catalyzed by HO. This
process utilizes three molecules of oxygen and seven electrons which are donated from
NADPH and cytochrome P450 reductase (CPR)74. The first step in the process involves
the formation of a ferric heme-HO complex. The ferric heme is reduced to ferrous heme
and a molecule of oxygen binds to produce an iron-bound hydrogen peroxide
intermediate75 that, upon the addition of oxygen to produce verdoheme, breaks the αmeso carbon on the porphyrin ring of the heme molecule to form biliverdin, releasing
CO and free iron in the process74,76,77.
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1.2 Physiological Role of Carbon Monoxide
Towards the end of the 20th Century, it became increasingly accepted that CO
can function as an endogenous gaseous neurotransmitter with an important
physiological role3,20,78–81. While the chemical structure of CO is very similar to that of
NO (Figure 1.2), their physical properties are different, with NO having an unpaired
electron that is readily lost to form the nitrosium ion. In the presence of oxygen, CO is
stable while NO reacts to form nitrogen dioxide3. The lack of an unpaired electron on CO
gives the molecule more stability and longer T1/2 than NO.

Figure 1.2 The chemical structures of nitric oxide (NO) and carbon monoxide
(CO). NO has an unpaired electron (grey) which renders NO less stable than CO

1.2.1 Role of CO in Inflammation
In instances of acute inflammation, surrounding tissues have exhibited increased
HO-1 expression82–84, with protein levels peaking when the inflammation was resolving
itself82. Furthermore, increased HO activity is limited to the site of inflammation and is
not systemic84. The pro-inflammatory cytokines, tumour necrosis factor-α (TNF-α),
interleukin (IL)-1, and reactive oxygen species (ROS), are known to induce HO-1 protein
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expression85,86. In an acute inflammation model involving the pleura (pleurisy), the
presence of the HO inhibitory Mp tin protoporphyrin (SnPP) resulted in an increase in
fluid surrounding the site of inflammation, which contained an increased amount of
inflammatory cells. The presence of the HO inducing metalloporphyrin
ferriprotoporphyrin IX chloride (FePP) resulted in a decrease in the volume of
inflammatory fluid, which contained a decreased amount of inflammatory cells 82. These
effects were dose-dependent and are consistent with the idea that HO plays an
important role in the inflammatory response.
The anti-inflammatory properties of CO are mediated through the mitogenactivated protein kinase (MAPK)/p38 pathways42,46. Low concentrations of CO inhibit the
production of several pro-inflammatory cytokines (e.g. TNF-α, IL-1β, IL-6, and
macrophage inflammatory protein-1β)46,87–89. Accumulation of these cytokines can lead
to increased leukocyte recruitment, tissue damage, and severe illness if left unchecked.
Low levels of CO also increase the production of IL-10, an anti-inflammatory
cytokine46,90, which is a potent inducer of HO-190,91. These anti-inflammatory effects are
independent of either NOS or sGC activation46,90.
Ischemia/reperfusion (I/R) injury and graft rejection after organ transplantation
remains a concern to this day. The exact mechanisms are not yet fully understood,
however it is known that I/R results in acute inflammation and it has been
demonstrated that HO-1 protein expression plays an important role in tissue viability
and the subsequent health of the donated organ. In rat models of liver I/R injury,
treatment with the HO-1 inducer cobalt protoporphyrin IX chloride (CoPP) improved
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blood flow and decreased hepatocyte injury; treatment with the HO inhibitor zinc
protoporphyrin IX (ZnPP) abrogated these effects92. Similar effects are also
demonstrated in a model of heart I/R injury, where the induction of HO-1 resulted in
decreased myocyte/endothelial cell death and increased graft survival93. Furthermore,
HO-1 overexpression in transplanted livers led to longer survival rates compared to
untreated controls; this effect was accompanied by improved liver function and
decreased infiltration by macrophages and T-cells, leading to decreased rates of organ
rejection92,94. In acute graft-versus-host-disease, induced by injecting unfractioned
spleen cells from C57BL/6 mice into B6D2/F1 mice, treatment with the HO-1 inducer
CoPP resulted in increased survival rates while treatment with the HO inhibitor ZnPP
accelerated the development of the disease95. These effects were attributed to
modulation of various pro-inflammatory signaling molecules in the CoPP-treated HO-1
induced animals or in animals administered low-dose CO after organ transplantation:
decreased tumour necrosis factor-α (TNF-α), interferon-γ, IL-1β, IL-6, and
cyclooxygenase-2 (COX-2)95–98; and increased IL-1096.
1.2.2 Role of CO in the Vasculature
The regulation of vascular tone is important to the oxygenation and perfusion of
tissues. There needs to be a balance between vasoconstrictors and vasodilators. It has
long been known that vascular endothelial cell (EC) derived NO (a.k.a. endothelium
derived relaxing factor)6 produces vasodilation through the stimulation of sGC in smooth
muscle cells (SMCs)5,15. Like NO, CO can also stimulate sGC, although it is less potent, to
produce vasodilation99. Both CO- and NO-induced sGC activated vasodilation can be
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inhibited using the sGC inhibitor 1H-[1,2,4]oxadiazolo[4,3-a]quinoxaline-1-one (ODQ),
however NO-induced relaxation is not completely attenuated upon administration of
ODQ100. This can be interpreted to indicate that NO is more tightly bound to sGC, while
the interaction between CO and sCG is more tenuous. NO and CO can also produce
vasodilation through interaction with Ca2+-dependent K+ channels resulting in
hyperpolarization of vascular smooth muscle cells (VSMC)101–103.
In the pathogenesis of cardiovascular diseases, such as atherosclerosis, the
resulting hypoxic environment leads to an increase in growth-factor dependent vascular
smooth muscle cell (VSMC) proliferation104,105. In time, HO-1 protein expression in
VSMCs increases in response to hypoxia, blood vessel injury, and oxidative stress,
leading to increases in CO production104–107. This can be mimicked by inducing HO-1
protein with the administration of heme or HO-1 adenoviral gene delivery108,109, which
has been demonstrated to decrease cell proliferation and attenuate vascular
remodeling. This effect is also demonstrated by inducing HO-1 with probucol, a drug
initially designed as an anti-hyperlipidemic drug; VSMC proliferation is decreased in the
presence of the drug and is attenuated with SnPP treatment110,111. When HO-1 enzyme
activity was inhibited by Mps, VSMC proliferation increased in response to the growth
factors endothelin-1 (ET-1) and platelet-derived growth factor-B (PDGF-B)104, and
vascular remodeling in response to balloon injury proceeded as normal108–111. VSMC
from HO-1 knockout mice display increased DNA synthesis and cell growth in vitro
compared to cells from wild type control mice; these effects were also seen in vivo at
the site of femoral artery injury112. In a pig artery model of angioplasty, HO-1 protein
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could not be detected 4 days post-injury at the time of increased VSMC proliferation;
from days 7-21, during which time cell proliferation decreases to normal levels, HO-1
protein expression was increased above basal levels112. In addition to VSMC
proliferation, apoptosis is an important feature in the remodeling process that occurs in
cardiovascular disease. CO has been demonstrated to be a potent inhibitor of VSMC
apoptosis, whether produced endogenously by HO or administered exogenously113. By
limiting VSMC growth and apoptosis, it is believed that the HO/CO pathway helps
alleviate the severity of cardiovascular disease, slows disease progression and promotes
tissue repair104,113. Furthermore, the vasoregulatory role of the HO/CO system may help
compensate for loss of endothelial-derived NO due to endothelial denudation at the site
of injury112.
1.3 Physiological Roles of BV and BR
BV is produced in the breakdown of heme through the opening of the heme
molecule at the α-carbon bridge8- this releases CO and Fe2+. BR is quickly reduced, by
biliverdin reductase (BVR) to BR (Figure 1.3). Both BV and BR are both water-insoluble
pigments (BV is green and BR is yellow) that are both antioxidants, with BR being more
potent114,115. It has been generally accepted that these molecules are able to cycle back
and forth, with BR being oxidized by peroxyl radicals to produce BV, thus increasing
their efficacy (Figure 1.3)39,116,117. It has been demonstrated that BV and BR are able to
cycle rapidly, with serum concentrations below 100 nM; in contrast the glutathione
(GSH) antioxidant cycling is present in the millimolar range116. BV and BR are lipophilic
and are closely associated to cell membranes; HO is membrane bound, and it is likely

14

Figure 1.3 The chemical structures of heme, biliverdin (BV), and bilirubin (BR). (A) Chemical structure of
heme b. Heme b is oriented within the HO binding pocket to facilitate the cleaving of the methane bridge
at the α carbon, which is oxidized to produce CO. (B) The proposed mechanism of BV-BR antioxidant
recycling. BV is reduced by BVR to produce BR, which can be oxidized by ROS to produce BV.
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primarily involved with preventing lipid peroxidation and protecting membrane-bound
proteins; GSH is water-soluble and may primarily protect proteins found in the
cytosol116. Recent evidence indicates that ROS permanently degrade BR, thus rendering
BV-BR recycling unlikely to occur in vitro114,115. ROS have been implicated in the
pathology of cancer118–120, chronic inflammation121, aging122,123, and cardiovascular
disease124,125; control of ROS concentrations likely plays an important role in the
prevention or slowing of these different pathologies.
1.3.1 Role of BV/BR in Injury and Disease
It has been demonstrated that increased serum BR levels are associated with
decreased incidences of disease. Accordingly, there is an inverse correlation between
serum BR levels and the prevalence of and mortality from colorectal cancer 126 and other
non-lung cancers127. Zucker et al.126 proposed that higher serum BR levels might be
chemopreventive. In a prospective case controlled study exploring the association
between serum antioxidant status and breast cancer risk, decreased odds of developing
breast cancer were associated with higher serum BR and overall antioxidant levels128.
Furthermore, it was demonstrated that higher serum BR levels decreased the incidence
of metastatic disease126.
Gunn rats are deficient in uridine diphosphate (UDP)- glucuronosyltransferase
enzyme, which enables BR excretion into the bile. This mutation results in an animal
model of hyperbilirubinemia due to increased serum levels of unconjugated BR. This rat
strain has demonstrated resistance to the pressor effects of angiotensin II129. In humans,
higher serum BR levels are correlated with a lower severity of atherosclerosis130.
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Increased serum BR levels are seen in patients with Gilbert’s syndrome, in which there is
a deficiency in UDP-glucuronosyltransferase activity which results in decreased BR
clearing and subsequent decreased serum oxidation. These individuals display enhanced
endothelial function131 and a decreased risk of developing heart disease132–134.
In animal models of lipopolysaccharide (LPS)-induced endotoxicity, BR
administered before and shortly after LPS administration abrogated systemic and lung
inflammation; BR treatment also improved survival outcomes135,136. In a rat model of
sepsis, whereby the cecum was ligated and punctured, BR treatment prevented sepsisinduced death of intestinal tissue137. Furthermore, in rats that received intestinal
transplant, BR treatment reduced the transplant-induced injury and improved the rates
of survival in the transplant recipients97. HO-2 knockout mice display an impaired
inflammatory response to suture-induced corneal injury; BV treatment rescued the
abnormal corneal inflammation138,139. It was also demonstrated that BR treatment
increased the production of the anti-inflammatory cytokine IL-10 and reduced
expression of the pro-inflammatory cytokine IL-6136,137.
1.4 Physiological Role of Ferrous Iron (Fe2+)
Iron is one of the most important metals required by living cells and organisms. It
is present in heme-containing proteins (e.g. hemoglobin, CYPs) and in iron-sulfur
clusters, which are necessary components of metalloproteins (e.g. NADH
dehydrogenase, coenzymeQ-cytochrome c reductase, etc.). These iron-sulfur containing
proteins play a significant role in redox reactions, DNA replication and transcription, and
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in the mitochondrial electron transport140–143. Iron is therefore necessary for
homeostasis and cell growth.
Iron stores are tightly regulated, in humans absorption is controlled and
recycling is the predominant mechanism by which iron stores are maintained144. The
majority of the body’s iron is found in hemoglobin144 and is necessary for the transport
of oxygen to tissues. Iron that is not found in hemo- or metalloproteins is sequestered
by ferritin144, which reserves these pools of free iron for recycling. Very little soluble iron
is found in the plasma or cytoplasm, due to its toxic nature.
Fe2+ is toxic to cells, inducing oxidative stress via the Fenton Reaction, which
produces of free radicals in the form of ROS (Figure 1.4).

1) Fe2+ + H2O2

Fe3+ + HO• + OH-

2) Fe3+ + H2O2

Fe2+ + HOO• + H+

Figure 1.4 Fenton Reaction

1.4.1 Role of Ferrous Iron in Injury and Disease
Excess iron has been correlated with an increased risk of developing cancer,
most likely due to the increased production of ROS. Iron overload has been shown to
stimulate colon cancer cell proliferation in a dose-dependent manner145. Furthermore,
this increase in cell proliferation due to increased iron only appears in cancerous
cells146,147. Treatment with iron chelators decreased cell proliferation146,148,149. It is
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thought that this effect of iron on cell growth is due to its presence in ribonucleotide
reductase, the limiting step in DNA synthesis150,151.
Iron-deficiency primarily affects iron stores, which can be significantly depleted
before symptoms develop. The most severe form of iron deficiency is anemia, which
results from insufficient hemoglobin production and manifests as chronic fatigue; it is
considered to be the most common nutritional deficiency in the world 152. Organ damage
or death will result before a cell’s iron content, found in other proteins, is completely
depleted.
1.4.2 Ferritin
The presence of Fe2+ induces the cell to produce ferritin, a 450 kDa iron
sequestering protein, made up of 24 subunits, found in all cell types153. These subunits
are either light (L) or heavy (H) chain, with molecular weights of 19 and 21 kDa,
respectively154. This protein functions to store iron in a soluble and non-toxic form, thus
decreasing the potential for oxidative damage40,41. The iron can then be delivered to
areas in which it is needed (e.g. electron transfer, DNA synthesis, recycling iron for
hemoprotein synthesis, etc)154. One ferritin protein molecule can contain up to 4500
iron atoms in the core and this iron travels into and out of the protein by channels that
lead to the surface154.
It has been demonstrated that down-regulation of L-ferritin in melanoma cells
results in decreased cell proliferation and cell growth, both in vitro and in vivo155.
Furthermore, these cells were more sensitive to oxidative stress and apoptosis 155. In
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direct contrast, the upregulation of H-ferritin results in a decrease in ROS and apoptosis
in response to oxidative challenges156,157.
1.4.3 The Role of Ferritin in Injury and Disease
Ferritin expression increases after ischemia/reperfusion (I/R) injury in
transplanted liver tissue158. Ferritin levels have been shown to increase 12 hours after
60 minutes of ischemia and persist for 14 days159. The upregulation of ferritin, by the
release of ferrous iron in the catabolism of heme by HO, protects cells from oxidative
stress due to the Fenton Reaction. H-ferritin, when overexpressed in rat liver, decreased
endothelial cell and hepatocyte apoptosis in tissue exposed to periods of cold
ischemia158. Furthermore, livers overexpressing ferritin had better survival rates after
transplantation than the wildtype livers158. Rats that received low doses of iron (subchronic treatment) before I/R injury induction displayed decreased levels of TNF-α and
recovery of NF-κB activation and the subsequent elevation of haptoglobin, an antiinflammatory and anti-oxidant protein160.
Elevated serum ferritin concentrations are often seen in cases of acute and
chronic inflammation. Moreover, ferritin is overexpressed in many types of cancers,
such as hepatocellular carcinoma161, breast cancer162,163, Hodgkin’s lymphoma164,
melanoma155,165, non-small cell lung cancer166,167, neuroblastoma168,169, glioma170–172,
and pancreatic cancer173,174. High serum ferritin levels in patients with chronic liver
disease has been correlated with an increased risk of developing hepatocellular
carcinoma163,175. Higher ferritin levels have been correlated to increased cancer
progression and poorer survival rates176–181. In malignant mesothelioma, cells with
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increased H-ferritin levels were correlated to a decrease in H2O2 production and a
decrease in apoptosis182. This resistance to apoptosis was abrogated with H-ferritin
siRNA182. In hepatocarcinoma cells, decreased H-ferritin levels using siRNA resulted in
increased apoptosis after TNF-α exposure183.
In HER2/neu-overexpressing breast cancer, pre-treatment serum ferritin levels
were predictive of response to trastazumab (Herceptin®)-containing therapy,
progression-free survival, and overall survival, with increased serum ferritin correlating
with poor outcome184. Furthermore, in patients receiving chemotherapy, decreasing
ferritin levels over the course of treatment were associated with favourable outcomes;
poor response and prognosis were associated with increasing serum ferritin
levels176,185,186. Taken together, these data suggest that the upregulation of ferritin
expression is cytoprotective and that a decrease in ferritin levels is a possible target in
the treatment of cancer.
While there is evidence that iron stores and ferritin levels may play a role in
inflammation, I/R injury, and cancer, there is no correlation to cardiovascular disease
risk187–189.
1.5 HO Activity Mimetics and Modulators
In order to study the role of HO, and HO-1 in particular, in cytoprotection and in
other clinical settings (e.g. I/R injury, wound healing etc.), a number of tools have been
employed to either decrease CO production (i.e. gene knockouts, the use of siRNA
knockdowns, enzyme inhibition) or increase CO concentrations (i.e. use of carbon
monoxide releasing molecules [CORMs], gene knock-ins, HO activation). Due to HO-1
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protein expression increasing in response to stress, it is not uncommon for upregulation
to occur in instances of injury and disease. One of the most common mechanisms for
studying HO activity has been to employ compounds that modulate HO activity and
result in either increased or decreased CO production. To date, this remains the only
viable option in treating systemic disease or injury, as gene therapy is still experimental.
1.5.1 First Generation Inhibitors: Metalloporphyrins
The Mps are heme analogs, in which the protoporphyrin IX ring surrounds a
central metal ion that is not iron. It is this similarity in structure that enables Mps to
competitively inhibit HO enzyme activity7. The non-iron metal ions in Mps cannot be
readily reduced, therefore these compounds are not degraded by HO, and neither BV
nor CO is released. Mps occupy the heme binding pocket and displace heme, thus
slowing/stopping HO activity. These compounds are often considered the gold standard
in HO inhibition.
While these compounds are useful tools in examining the effects of HO
inhibition, due to their similar structure to heme, and their planar form, Mps are able to
form π-π stacks and thus inhibit other hemoproteins. In general, the Mps are not
selective for either HO isoform and they affect other hemoproteins (e.g. NOS, sGC, CYPs)
indiscriminately190–193. Mps also induce HO-1 protein expression194,195. As discussed by
Grundemar & Ny196, Mps are not the best tools for use in determining the role of HO/CO
– not only do they exert a multitude of side effects, but they can be very light-sensitive,
rendering the need for experiments to be conducted in complete darkness, if possible.
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Currently, Mps are being investigated for their use in treating neonatal
hyperbilirubinemia197,198. Neonatal hyperbilirubinemia, or jaundice, occurs when
excessive BR cannot be removed from the body and instead accumulates within the
infant. It is thought that a baby’s underdeveloped hepatic system, in particular the
delayed expression of glucuronyl transferase, is the cause199. BR is normally
glucuronidated in order to become more water-soluble for excretion. Unconjugated BR
can be toxic to the central nervous system, resulting in encephalopathy and kernicterus
(a.k.a. bilirubin-induced neurologic dysfunction [BIND])200,201, therefore removal is
paramount. Current treatment includes phototherapy using blue light (460-490 nm
range) to convert BR into photoisomers that can be excreted in bile without
conjugation202,203. In cases where jaundiced infants don’t respond to phototherapy, a
blood transfusion in which the infant’s blood is exchanged with clean blood free of any
excess pigments, may be used as a last resort. This treatment option is risky and
invasive.
A third less invasive treatment option is to prevent any more BR from being
produced and allowing the baby’s liver to catch up with demand for conjugation and
excretion. SnPP204 and tin mesoporphyrin (SnMP)205–207 have been tested for their
efficacy in treating human neonatal jaundice, however SnPP is no longer studied due to
its photosensitizing properties208,209.
1.5.2 Second Generation Inhibitors: Azole-Based Small Molecule Compounds
Small molecule azole-based HO inhibitors were first developed based on the lead
compound azalanstat (a.k.a. QC-1)210–212. This class of compound inhibits HO activity by
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coordinating with heme once it is in the heme binding pocket. The heme is not displaced
from the pocket and it must be present in order for the azole-based compound to bind.
Co-crystallization of azole-based inhibitors with HO-1 demonstrated that the nitrogen
atom in position 3 on the azole pharmacophore was responsible for coordinating with
the heme iron, thus preventing water from coordinating with the iron atom and
facilitating heme oxidation213–215. The imidazole-dioxolane compound fits into the
hydrophobic space and, depending on the size of the compound, the flexibility of the
heme binding pocket allows the protein’s structure to shift in order to accommodate
the inhibitor216. These compounds inhibit HO in a non-competitive fashion, unlike the
Mps. Rat spleen and brain have been used as sources of native HO-1 and HO-2,
respectively. In addition to not affecting NOS and sGC activity, these compounds do not
induce HO protein expression217,218 and some of these compounds are very selective for
HO-1 over HO-2. Recently, compounds based on the lead compound clemizole have
resulted in compounds that are selective for HO-2 over HO-1219. Both categories of
isozyme selective HO inhibitors will help provide valuable insight into the role of HO in
physiologic processes.
1.5.3 HO-1 Selective Inhibitors
Over 300 azole-based compounds have been designed by our lab212,214,216,218,220–
223.

They are based on the lead compound 4-({[(2S,4S)-2-[2-(4-chlorophenyl)ethyl]-2-

(1H-imidazol-1-ylmethyl)-1,3-dioxolan-4-yl]methyl}sulfanyl)aniline (a.k.a. azalanstat;
QC-1) and have modifications to one or more of four regions (Figure 1.5A).
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Figure 1.5 Chemical structures of azalanstat (QC-1) and clemizole (QC-2321). (A) Azalanstat is an
imidazole-dioxolane compound that inhibits both HO-1 and HO-2, selectively, and was the backbone
structure for the HO-1 selective inhibitors developed at Queen’s University. (B) Clemizole was the
backbone structure for the HO-2 selective inhibitors.
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These compounds display limited inhibitory effects on the activity of the
hemoproteins NOS and sGC, compared to the Mp chromium mesoporphyrin IX chloride
(CrMP)220,222. However, azole-based compounds can also inhibit CYP3A4224 and many of
the early azalanstat-based compounds displayed rat CYP2E1 and CYP3A1/2
inhibition220,222. A wide range of compounds were tested for their effects on rat CYP2E1,
rat CYP3A1/2, human CYP3A4 and human CYP2D6 and it was discovered that
compounds containing either a 1,2,4-triazole or a tetrazole in the eastern region were
the most selective HO inhibitors70.
1.5.4 HO-2 Inhibitors
In 2013, our laboratory reported the first structure activity study on selective
HO-2 inhibitors219. These compounds were based on the lead structure 1-(4chlorobenzyl)-2-(pyrrolidin-1-ylmethyl)-1H-benzimidazole (a.k.a. clemizole; QC-2321;
Figure 1.5B). A number of analogs were tested for their effects on both rat spleen (HO1) and brain (HO-2) microsomes and it was discovered that the new compounds
significantly reduced the production of CO in the brain microsomes than in the spleen
microsomes. Many of the new compounds had IC50 values below 10 µM for HO-2
activity and greater than 100 µM for HO-1 activity219. These new research tools will be
increasingly beneficial in further elucidating the physiological role of HO-2 and have
potential to be used in therapeutic settings.
1.5.5 HO Mimetics
The first class of compounds, the Mps, used to study the physiological roles of
HO did not only inhibit the enzymes, but they also increased HO-1 protein expression.
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The substrate, heme, increases both enzyme activity and induces HO protein
expression225. CoPP is a powerful inducer of HO, producing two times the mRNA over 4
hours than heme226. The known mechanism of HO-1 gene regulation involves the
transcriptional repressor Bach1, which heterodimerizes with partner proteins in the
promoter region of HO-1227. In the presence of heme, Bach1 dissociates from its
heterodimerization partners in the stress response element and is transported out of
the nucleus228,229. Nuclear factor (erythroid-derived 2)-like 2 (Nrf2), a transcription
factor involved in the antioxidant response pathway, is then recruited to the nucleus
and HO-1 transcription occurs228. It has been shown that CoPP and zinc mesoporphyrin
(ZnMP) upregulate HO-1 protein expression by increasing Bach1 degradation and
decreasing Nrf2 degradation230. While SnMP can also upregulate HO-1 protein
expression through the dissociation of Bach1, it also causes an increase in Bach1
degradation, thus indirectly affecting the HO-1 promoter228,231. Other less effective HO-1
upregulating Mps, such as zinc deuteroporphyrin IX 2,4-bis ethylene glycol (ZnDP), may
induce protein expression through the increased presence of heme due to HO enzyme
inhibition and not through any direct effect on Bach1 or Nrf2 232.
As an alternative to manipulating protein expression in order to determine the
physiological effects of HO using the products of HO activity is an attractive option.
CORMs were developed in 2002233. These compounds are transition metal carbonyls
that release CO and produce dose-dependent effects that are also seen with hemininduced upregulation of HO-1233. A therapeutic use of CORMs has been demonstrated in
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models of hypertension233, inflammation88,234, I/R injury235–238, and organ
transplantation239,240.
1.5.6 HO Enzyme Activators
Vukomanovic and colleagues71,72 reported HO-2 enzyme activation with
menadione (a.k.a. vitamin K3). In the communication, it was demonstrated that a
concentration-dependent increase in CO production was observed with menadione in
rat brain microsomes (HO-2), but not in rat spleen microsomes (HO-1). This effect was
also demonstrated in recombinant human HO-2 (hHO-2) protein. The increased CO
production, by HO-2, was also observed with other naphthoquinone analogs of
menadione, but was not seen with either vitamins K1 or K272. It has been hypothesized
that it is the redox properties of menadione, specifically due to the presence of the
quinone, that enable these compounds to activate HO-2. While the mechanism of action
is not yet fully understood, these compounds are viable alternatives to the use of
CORMs in the elucidation of the physiological role of HO-2. Furthermore, HO-2
activation may have a therapeutic role, particularly in instances of brain injury241.
1.6 Cancer and Heme Oxygenase
HO-1 has been shown to be overexpressed in several different cancer types56,242–
248.

This overexpression not only promotes tumour growth and cancer progression, but

also provides increased protection to cancer cells from the chemo- and radio-therapies
employed to kill these cells61,249. Two drugs commonly used in renal cancer, rapamycin
and sorafenib, induced HO-1 expression in renal cell carcinoma lines Caki-1 and 786-O,
which resulted in decreased drug-induced apoptosis and did not slow cell
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proliferation61. Additionally, the presence of human HO-1 (hHO-1) increased
angiogenesis in a transparent skinfold chamber model and resulted in an increase in
metastatic nodules on the lungs of mice that were implanted with a pancreatic cancer
cell line (Panc-1) transduced with the hHO-1 gene. These effects were abrogated with
SnMP treatment. 249. HO-1 knockdown of the Panc-1 cell line also demonstrated
decreased cell proliferation55. Treatment with the HO-1 selective inhibitor OB-24 (a.k.a.
QC-56), a small molecule azalanstat-based compound, decreased rat glioma C6 and
prostate cancer cell (PC3) proliferation in vitro; in vivo, OB-24 decreased orthotopic and
subcutaneous PC3 tumour growth250.
The role of HO-1 in nasopharyngeal carcinoma, in particular the response to
radiotherapy, was investigated by Shi and Fang251. They found that among those
patients whose carcinomas expressed HO-1, approximately 50% of these patients did
not respond to radiotherapy; however, all those patients whose tumours did not
express HO-1 in their nasopharyngeal carcinomas responded to the prescribed therapy
as evidenced by their regressed tumours. Non-small cell lung cancer patients whose
tumours expressed high levels of HO-1 (compared to surrounding normal tissue) had a
poorer prognosis and significantly higher risk of metastasis than patients with low HO-1
tumour expression59. Pancreatic cancer cell lines treated with gemcitabine or radiation
demonstrated increased HO-1 protein levels, but knockdown of HO-1 expression
rendered these cells more susceptible to both radio- and chemotherapy55. HO-1 siRNA
knockdown and ZnPP treatment of the human lung cancer cell line A549 resulted in
increased susceptibility to cisplatin and an increase in ROS formation 252. Alaoui-Jamali et
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al.250 demonstrated that use of OB-24 (a.k.a. QC-56) in combination with the common
anticancer drug taxol resulted in a synergistic decrease in prostate cancer primary
tumour growth and metastasis.
It should be noted, however, that neither the metalloporphyrin class of
compounds, nor many of the azole-based small molecule HO inhibitors are specific for
HO. As discussed above, Mps are active hemoprotein inhibitors and many of the azolebased inhibitors (i.e. OB-24, ketoconazole) inhibit important CYP drug-metabolizing
enzymes (e.g. CYP2E1, CYP3A4)70,224,253. Therefore their use in combination with
traditional anticancer therapies may be limited by potential drug-drug interactions. In
fact, we hypothesize, based on unpublished pilot study data, that the effects of OB-24
on the growth and progression of PC3 tumours were in fact due to CYP3A inhibition, the
major taxol metabolizing enzyme254, resulting in increased taxol bioavailability and not
synergy due to HO-1 activity inhibition.
It is now known that azole-based compounds containing either a triazole or
tetrazole, rather than an imidazole, results in increasingly HO selective compounds70.
However, the use of triazole- or tetrazole-containing compounds is limited in that their
potency towards HO-1 inhibition is less than their imidazole-counterparts. Additional
nitrogen atoms in this region of the compound may result in a displaced charge on the
N3 atom in the azole ring, which binds to the iron molecule in heme213–215, thus
decreasing potency70.
While these drug effects could result in toxicity if these azole-based compounds
are administered in conjunction with traditional anticancer therapeutics, the Mp class of
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compounds are also potent inhibitors of all other hemoproteins. The second-generation
azole-based compounds are preferable due to their limited effects on other
hemoproteins such as NOS and sGC220. With careful monitoring, perhaps these agents
could be used, in combination with other chemotherapeutics, to knowingly increase the
bioavailability and duration of action of these anticancer drugs. This strategy may play a
vital role as anticancer therapies increasingly switch to chronic oral dosing which have
variable and limited bioavailability255.
Taken together, these data suggest that the presence and activity of HO-1 in
cancer should be further investigated to determine the role HO-1 plays in the growth
and progression of cancer. Various cancer models have demonstrated that HO-1
inhibition, using metalloporphyrins or knockdown models, may be a viable treatment
option to combine with traditional anticancer therapy. Not only does HO-1 inhibition
alone decrease primary tumour growth, tumour-induced angiogenesis, and metastasis,
but its inclusion with other therapies may prevent resistance to those therapies and
may result in a synergistic response.
1.6.1 Heme Oxygenase and Cancer Growth and Progression
HO-1 plays an important role in the cell cycle; its presence leads to a halt in cell
growth and proliferation, in general. Transfection with HO-1 or treatment with HO
inducers results in a decrease in cell proliferation, as evidenced by an increased
percentage of cells in the G0/G1 phase of the cell cycle compared to the S or G2/M
phases256,257. Those cells in the G2/M phase were not able to progress through the
normal cell cycle upon the addition of serum. These effects were reversed with SnPP 256
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or SnMP257 treatment. In VSMCs, this effect is protective, such that sites of injury do not
become constricted during injury repair112. The anti-proliferative effects of HO-1 have
also been demonstrated in rat and human breast cancer258, and gastric cancer cells259.
In contrast to these observations, endothelial cells exhibit increased cell
proliferation upon increased HO activity257,260,261. Murine and human melanoma cells
also demonstrated increased cell proliferation when HO-1 was upregulated262. When
these cells were implanted in mice, tumour growth was accelerated, there was an
increased incidence of lung metastases and there was a decrease in survival262.
While all three products of the HO reaction play a role in decreasing cell
proliferation, only CO suppresses T-cell proliferation47. It has been hypothesized that
this is due to CO inhibition of extracellular signal-regulated kinase (ERK) activation,
which results in decreased IL-2 production47. These results are important to further
understanding the role HO-1 has in the immune response.
Increased attention is being focused towards multiple therapeutics, with several
targets being employed in the treatment of cancer. As discussed above, traditional
anticancer therapies are known HO-1 inducers and targeted knockdown increases
chemo- and radio-therapy efficacy. HO-1, in general, decreases cell proliferation;
because anticancer therapies often target rapidly proliferating cells, HO-1 inhibition is a
reasonable target for concomitant therapy with traditional anticancer treatments.
1.6.2 Heme Oxygenase and Angiogenesis
As discussed previously (see section 1.2.2), the HO/CO system plays an
important role in vascular remodeling after disease or injury. While HO-1 upregulation

32

and administration of CO results in a decrease in VSMC proliferation and apoptosis, it
increases EC proliferation263, which can be reversed with the application of SnPP 264.
Transfecting ECs with hHO-1 resulted in increased cell growth and blood vessel
formation263. In instances of injury and endothelial denudation, this increase in HO-1
protein is believed to help moderate the severity of the injury and speed recovery.
Furthermore, the induction of HO-1 in ECs can help protect the cells against oxidative
damage and EC sloughing, as is seen in the vascular complications of diabetes265.
In cancer, it has been demonstrated that the upregulation of HO-1 leads to
increased angiogenesis, both in vitro and in vivo. In an aortic ring sprouting assay using
aorta from HO-/- mice, Matrigel™ implanted rings did not sprout capillary-like tubes. This
effect was reversed with CO administration266. Overexpression of HO-1 in cells cocultured with EC in a Matrigel™ matrix resulted in increased EC capillary tube
formation267; inhibition of HO with SnPP decreased EC capillary tube-like formation
while CO increased tube sprouting264. Subcutaneous implantation of HO-1 transfected
cancer cells into a skinfold surrounded by an implanted transparent chamber resulted in
increased blood vessel formation into the implanted tumour, compared to controls 267.
Moreover, it was observed that ECs co-cultured with Panc-1/hHO-1 cells continued to
proliferate longer (4 weeks) than ECs co-cultured with the control cells (1.5 weeks)267. In
resected glioma samples, an association between HO-1 expressing activated
macrophages and increased blood vessel density was found268.
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1.6.3 Breast Cancer
Breast cancer is the most commonly diagnosed cancer in Canadian women over
the age of 20 and it is the second leading cause of cancer-related death, after lung
cancer269. In 2013, it was estimated that 23,800 women would be diagnosed with breast
cancer, with 80% of the cases being in women over the age of 50; an estimated 200 men
would be diagnosed, making up less than 1% of all breast cancer cases 270. The earlier the
cancer is diagnosed, the sooner treatment can begin, the more options there are, and
the odds of survival are more favourable. In 2013, the projected five-year survival rate
was 88% and an estimated 5,000 Canadian women and 60 men would die of breast
cancer, a 2% decrease from the estimated number of deaths in 2012269,271.
Factors that influence prognosis include: stage of cancer at time of diagnosis;
lymph node status; tumour size, grade, and type; lymphatic and vascular invasion;
hormone receptor status; HER-2 status; and age at time of diagnosis269,272. More
advanced, high grade, and aggressive breast cancers are often found in young women
(under 35 years of age), and their risk of recurrence is higher than in post-menopausal
women269. Cancers that have invaded the lymphatic or vascular system increase the risk
of recurrence and have a less favourable outcome269. If the cancer is not isolated to the
breast, at some point after primary treatment is completed a recurrence may be found
at another site of the body. Common places include the bone, liver, lung, and brain.
Once the cancer has metastasized it is considered incurable, but it can still be treated to
slow progression and many people live with metastatic breast cancer for several
years273.
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Traditional therapies, such as chemotherapy, radiotherapy, and surgery are
joined by modern treatments that include endocrine therapy, immunotherapy, and
HER-2 therapy, all of which are used to increase the survival rate of breast cancer
patients. However, once breast cancer metastasizes, the odds of surviving decrease.
Outcome is partially dependent on the length of time a woman spends disease-free and
the location of the recurrence, with local recurrence (in the breast) offering a better
prognosis than a metastatic recurrence269.
During the process of cancer growth and progression, a number of processes
occur, one of the most important of which is the development of new blood vessels
(angiogenesis) that provide nutrients and oxygen to the growing tumour and carry
waste products away. It is through this process that cancer cells may then infiltrate the
circulatory system and be transported to a site of metastatic growth. The lungs and
bone are common metastatic targets for breast cancers274. The lungs are a common
target due to the extensive network of microscopic capillaries so narrow it is easy for
cancer cells to become lodged and take root275,276. The initiation of the growth of blood
vessels towards the tumour is stimulated by VEGF signaling in response to the hypoxic
environment, and is necessary for tumour growth to exceed 1-2mm3 277. Today, VEGF is
a common target of the antibody class of anticancer agents (e.g. Avastin, a.k.a
bevacizumab). However, the use of biologics is not without risk, one side effect is
hemorrhaging due to systemic exposure to VEGF inhibtors278; other chemotherapeutics
that target angiogenesis are in demand.
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Of particular interest is the link between HO/CO and VEGF. It has been
demonstrated that an increase in HO protein, as seen in some solid tumours, or an
increase in CO, either by increased HO activity or by exogenous administration, is
correlated to an increase in VEGF protein and angiogenesis257,263,264,279,280. While antiVEGF antibodies are in clinical use, the inhibition of HO activity may be of benefit,
targeting not only angiogenesis, but also the cancer cells themselves. In order to
evaluate the use of HO inhibitors as anticancer agents, their efficacy in vitro and in vivo
is necessary.
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1.7 Statement of the Research Problem
It is now known and accepted that the products of heme metabolism, namely
CO, BV/BR, and iron, are important regulators of cellular homeostasis. HO has been
demonstrated to play pathophysiological roles in the development of a number of
diseases; however, targeting HO, primarily by using the metalloporphyrin class of
compounds, poses a number of challenges. Access to selective HO inhibitors and the
recent discovery of HO enzyme activators allows us to further elucidate the role of HO in
the development of disease. Of particular interest is the role HO plays in breast cancer
growth and progression, which may now be more fully understood using a number of
HO enzyme activity modulators.
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1.8 Hypotheses and Objectives
The overarching hypothesis of this thesis is that heme oxygenase activity
modulation will affect AC2M2 mouse breast cancer growth and progression, both in
vitro and in vivo. Specifically, we hypothesize that HO inhibition, using either small
molecule azole-based inhibitors or metalloporphyrins, will result in a decrease in cell
viability and a decrease in angiogenic-like properties in vitro, and will result in a
decrease in the size and growth rate of primary tumours and a decrease in the incidence
and number of lung metastases in vivo. Furthermore, we hypothesize that HO
activation, using menadione, will result in an increase in cell viability and angiogenic-like
properties in vitro, and an increase in the size and growth rate of primary tumours and
an increase in the incidence and number of lung metastases in vivo.
Objective 1: To determine the effects of the azole-based HO inhibitor, QC-15, on
in vitro models of AC2M2 mouse breast cancer cell viability and angiogenesis.
Objective 2: To determine the effects of the azole-based HO inhibitor, QC-15, on
an in vivo model of AC2M2 mouse breast cancer growth and metastasis.
Objective 3: To determine the effects of the more potent azole-based HO
inhibitor, QC-308, and the inactive azole-based compound, QC-310, on in vitro models
of AC2M2 cell viability and angiogenesis.
Objective 4: To determine the effects of the potent azole-based HO inhibitor,
QC-308, and the inactive compound, QC-310, on an in vivo model of AC2M2 breast
cancer growth and metastasis.
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Objective 5: To characterize the azole-based compounds in terms of their effects
on in vitro AC2M2 microsomal HO activity and their effects on HO-1 and HO-2 protein
expression.
Objective 6: To characterize the azole-based compounds in terms of their effects
on rat and mouse HO activity.
Objective 7: To determine the effects of the azole-based AC2M2 microsomal HO
inhibitor, QC-196, and the HO activator, menadione, on in vitro models of AC2M2 cell
viability and angiogenesis.
Objective 8: To determine the effects of the azole-based AC2M2 microsomal HO
inhibitor, QC-196, and the HO activator, menadione, on an in vivo model of AC2M2
breast cancer growth and metastasis.
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Chapter 2 - Azole-Based Heme Oxygenase Inhibitors are
Anti-Tumourigenic and Anti-Metastatic in an Orthotopic
Engraftment Model of Breast Cancer

2.1 Introduction
Heme oxygenase (HO) exists as either the inducible (HO-1) or the constitutive
(HO-2) form of the enzyme281. Together these rate-limiting enzymes are involved in the
conversion of heme into biliverdin (BV), carbon monoxide (CO), and free iron (Fe2+)282.
Originally, these by-products were stigmatized as waste, whereas now they are
considered to be important physiological effectors. Generally, the attributes of HO1 and
its products are considered cytoprotective (anti-oxidant, anti-inflammatory, antiapoptotic)18,20,283–285. While these cytoprotective effects are generally viewed as
beneficial to healthy cells, they may cause detrimental effects in cancer patients by
promoting or facilitating tumour survival.
Major tools in the elucidation of HO biology have been the metalloporphyrin HO
inhibitors such as zinc protoporphyrin (ZnPP), which are competitive inhibitors that
cannot be oxidized286. While these drugs initially enabled the advancement of our
understanding of the HO/CO system, their utility is limited by their ability to inhibit
other heme-dependent enzymes such as nitric oxide synthase (NOS) and soluble
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guanylyl cyclase (sGC), and to induce HO-165,287,288. As potential therapeutic compounds,
the metalloporphyrins have other limitations including poor solubility and risk of
phototoxicity289. Our laboratory has been successful in the design, synthesis and
evaluation of selective non-porphyrin-based HO inhibitors. These compounds are noncompetitive inhibitors and exert their effects by coordinating with the heme iron within
the heme-binding pocket213. To date we have synthesized and tested over 300 azolebased HO inhibitors (abHOi) and identified a number that show selectivity for HO;
moreover, some of these azole-based compounds were selective for the HO-1 isozyme
(Figure 2.1)45,212,218,221,222. At concentrations capable of HO inhibition, these compounds
did not affect other heme-containing proteins such as NOS and sGC290. In vivo, these
compounds demonstrated dose- and time-dependent inhibition of HO activity after
intravenous (IV) and intraperitoneal (IP) administration (unpublished data). These novel
compounds are also well-tolerated after repeated dosing and, unlike the
metalloporphyrins, do not induce HO protein expression217. The favourable properties
of abHOi make them promising compounds for investigation in disease models where
the inhibition of HO is predicted to be beneficial, such as cancer.
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Figure 2.1 Chemical structures of drugs used. A) QC-15 (HO-1 Selective Inhibitor), B) QC-99 (Azole
Devoid of HO Inhibition), C) Zinc Protoporphyrin IX (Non-selective HO Inhibitor, D) Heme (Heme
Oxygenase Substrate).
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Various laboratories have reported an upregulation of HO-1-expression in a
number of cancers including: prostate carcinomas53, cerebral glioblastomas and
astrocytomas56, oligodendrogliomas243, lymphosarcomas244, malignant vertical growth
melanomas245, oral squamous cell carcinomas246,247, chronic myeloid leukemia57, nonsmall cell lung cancer248, and renal cell carcinomas54. To validate some of these
observations and provide theoretical support for the involvement of HO activity in the
progression of tumours, studies have shown that downregulation of HO-1 mRNA
expression using short interfering ribonucleic acid caused pronounced growth inhibition
as well as increased sensitivity to radiotherapy and chemotherapy of pancreatic cancer
cells55 and SW 480 colon cancer cells62,249. Inhibition of HO by polyethylene glycol-linked
ZnPP resulted in an inhibition of the growth of solid Sarcoma-180 tumours in mice249.
Precise mechanisms as to how the HO/CO system promotes tumour growth are not fully
understood though widespread mechanisms including the induction of resistance to
stress and apoptosis259,262,291,292, altered expression of cell cycle and differentiation
genes293–296, and the promotion of angiogenesis266,267,279,297–299 have been suggested.
Recent advances in our understanding of the mechanisms that regulate and support
tumour vasculogenesis have implicated HO-1 as an important player284. Loss of function
studies have shown that the absence of HO-1 severely impaired human endothelial
progenitor cell (hEPC) tube formation and migration, in part due to a deviant response
to stromal cell-derived factor-1285. Several reports have also identified interplay in the
expression-regulation relationship between HO-1 and vascular endothelial growth factor
(VEGF)279,280,300–303.
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There is an abundance of evidence validating HO-1 as a novel therapeutic target
in angiogenesis and cancer. Using an orthotopic engraftment model of the mouse
mammary carcinoma tumour cell line (AC2M2) we tested the hypothesis that the HO-1selective abHOi, QC-15, has anti-angiogenic and anti-tumourigenic properties in vitro
and will thus inhibit mammary tumour growth and metastasis in vivo.

2.2 Materials and Methods
2.2.1 Materials and reagents
The abHOi, QC-15 (2-[2-(4-chlorophenyl)ethyl]-2-[(1H-imidazol-1-yl)methyl]-1,3dioxolane hydrochloride) and an analogue that does not inhibit HO, QC-99 (1-(2-methyimidazol-1-yl)-4-phenyl-butan-2-one hydrochloride) were synthesized and then
characterized by elemental analysis, mass spectrometry (MS) and nuclear magnetic
resonance (NMR) spectroscopy as described previously214,222. ZnPP (8,13-bis(vinyl)3,7,12,17-tetramethyl-21H,23H-porphine-2,18-dipropionic acid zinc(II)) was purchased
from Frontier Scientific, Inc. (Logan, UT, U.S.A.). Anti-HO-1 (SPA-895) polyclonal
antibody and recombinant rat HO-1 (SPP 730) protein were obtained from Stressgen
Biotechnologies Corp. (Victoria, BC, Canada) now Enzo Life Sciences (Farmingdale, NY,
U.S.A.). Endothelial cell growth medium (EGM-2) and the EGM-2 bullet kit (2% FBS,
0.4% hFGF-2, 0.1% VEGF, 0.1% R3-IGF-1, 0.1% hEGF, 0.04% hydrocortisone, 0.1%
ascorbic acid, 0.1% heparin, and 0.1%-GA-100) were purchased from Lonza, through
Cedarlane Laboratories Ltd. (Burlington, ON, Canada). Ethylenediamine tetra-acetic acid
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disodium (EDTA), ethanolamine, bovine serum albumin (BSA) phosphate-buffered saline
(PBS), trypsin solution, fetal bovine serum (FBS), bovine monoclonal anti-rat β-actin
antibody, reduced β-nicotinamide adenine dinucleotide (β-NADPH), penicillinstreptomycin, Dulbecco’s Modified Eagle’s Medium (DMEM), and Kaighn’s Modification
of Ham’s F-12 medium (F-12K) were obtained from Sigma Chemical Co. (St Louis, MO,
U.S.A.). Glycerol, potassium hydroxide (KOH), potassium phosphate monobasic
(KH2PO4) and sodium chloride (NaCl) were purchased from Fisher Scientific Ltd. (Ottawa,
ON, Canada). Stock solutions of all chemicals were prepared fresh on the day of the
experiment.
2.2.2 Animals
Female Swiss Nude (NTac:NIHS--Foxn1nu) mice (6 weeks of age) were purchased
from Taconic Farms Inc. (Germantown, NY, U.S.A.) and were acclimatized for one week
prior to use. Immunodeficient nude mice were used to minimize the T-cell-dependent
effect of the immune system on tumour growth and metastasis, and to allow
assessment of early stages of tumour growth. Mice were maintained on a 12-hour light
cycle and had continuous access to water and autoclaved Ralston Purina mouse chow
5010 (Ren’s Feed Supplies Ltd., Oakville, ON, Canada). Adult male Sprague-Dawley rats
(250-300 g) purchased from Charles River Inc. (Montreal, QC, Canada) were housed in
the Animal Care Facility, Queen’s University, on 12-hour light cycles (700h-1900h) and
had ad libitum access to water and standard Ralston Purina laboratory chow 5001 (Ren’s
Feed Supplies). The animals were allowed to acclimatize for one week prior to the first
treatment. All animals were cared for in accordance with the principles and guidelines
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of the Canadian Council on Animal Care and all experimental protocols were approved
by the Queen’s University Animal Care Committee.
2.2.3 Preparation of Zinc Protoporphyrin and Azole-Based Heme Oxygenase Inhibitors
All drug solutions were prepared fresh on treatment days. Stock solutions of
ZnPP, prepared under subdued light conditions, were made in ethanolamine (1.6 M)
such that the final ethanolamine concentration would be 0.05% (v v-1). The volume was
brought to 1500 μL by the addition of 0.9% saline. The solution was then carefully
titrated under stirring with 1 M HCl to a pH of 7.4 followed by the addition of saline to
yield a 75 mM solution for administration to the experimental animals. Stock solutions
of QC-15 were prepared by dissolving in 0.9% saline to yield a 10 mM solution for
administration to the experimental animals. For in vitro experiments, ZnPP, QC-15 and
QC-99 were prepared as 10 mM stock solutions in DMSO and then diluted to final
concentrations in the appropriate cell culture media.
2.2.4 Cell Lines and Tissue Culture
The AC2M2 cell line is a lung metastatic variant selected from a breast carcinoma
cell line (SP1) following three-times serial intramammary injections of lung metastatic
nodules into syngeneic mice304,305. AC2M2 cells were maintained in DMEM with 10%
FBS. hEPCs were isolated from the blood of an adult male according to the method of
Brunt et al.306. hEPCs were maintained in endothelial cell growth medium (EGM-2)
supplemented by the EGM-2 bullet kit. In all culture conditions, cells were grown in
media free of antibiotics in a humidified atmosphere of 95% air and 5% CO2 at 37°C.
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2.2.5 Cell Viability Assay
The effect of QC-15 or QC-99 on cell viability was assessed by the Trypan Blue
Exclusion Assay307. In brief, cells were seeded at a density between 1.0×104 and 1.0×105
cells/well (such that untreated control cells would reach confluence at the end of the
experiment) in a 48-well plate and allowed to attach overnight. The medium was then
aspirated and cells were incubated with fresh serum-free (SF) medium containing the
indicated drugs for 48 hours. Cells were washed in sterile PBS and then resuspended
using a 0.25% trypsin solution. Trypan blue (0.4%) was added to the cell suspension and
10 µl was loaded into a hemocytometer. Cells from which trypan blue was excluded
were considered alive and counted
2.2.6 Aortic Endothelial Cell Sprouting Assay
The aortic ring endothelial cell sprouting preparation is an ex vivo assay designed
to assess the effects of pro- or anti-angiogenic factors originally developed by Nicosia
and Ottinetti308. Briefly, the thoracic and abdominal aorta were harvested from rats,
cleaned of fibro-adipose tissue, cut into 0.5 mm ring segments and embedded in growth
factor-reduced (GFR) Matrigel™ (BD Biosciences, Mississauga, ON, Canada) in a 24-well
cell culture plate. Embedded rings were covered in F-12K medium containing 1% FBS,
1% penicillin-streptomycin and varying concentrations (1–100 µM) of QC-15 or vehicle
(water) control. In certain experiments, 1x104 AC2M2 cells were plated around the
perimeter of each well to better recapitulate the tumour microenvironment and induce
tumour cell-mediated endothelial cell sprouting from aortic rings. AC2M2 mouse breast
carcinoma cells were chosen as they express high-levels of HO-1 protein. Photographs
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were taken at 48, 72 and 96 hours using a phase contrast microscope, and microvessel
density was quantified using Image-Pro® 6.0 (Media Cybernetics, Bethesda, MD, U.S.A.).
Results were expressed as a percentage of the microvessel density of untreated rings.
2.2.7 Cell Migration Wound-Healing Assay
To assess hEPC and tumour cell migration, the wound-healing assay of Todaro et
al.309, as modified by Liang et al.310, was used. Briefly, cells were labelled with Hoechst
nuclear stain and plated at 1×105 cells/well in 48-well tissue culture plates in complete
media. After 24 hours, cultures were wounded (cells removed) by streaking cell
monolayers with a 200 µL pipette tip down the middle of each well. The wells were
washed with SF-media, followed by incubation for 24 hours with SF-media containing
either QC-15, ZnPP or vehicle control (1% DMSO). Phase contrast and fluorescent
photographs were taken immediately after the wound area was made (0 hours) and
after 24 hours; cell migration was quantified using Image-Pro® 6.0 software. Because
AC2M2 cells were observed to migrate as single cells, migration was quantified by
counting the number of cells that migrated into the wound area. Migration of hEPCs
occurred en masse and therefore migration was quantified by taking the sum of the
distance of each cell from the edge of the wound area.
2.2.8 In Vivo Tumour Model
A highly metastatic mouse breast carcinoma cell line, AC2M2, was transduced
using a lentiviral vector with a gene encoding enhanced green fluorescence protein
(EGFP), and maintained in DMEM containing 10% FBS. On the day of tumour

48

inoculation, 7.5×105 EGFP-AC2M2 cells were harvested in sterile PBS (1 ml). Female
Swiss Nude mice were anaesthetized with inhaled isoflurane and a 1 cm incision was
made between the linea alba and fat pad #4. The underlying breast tissue was exposed
and 10 µL of EGFP-AC2M2 cells (7.5×103) were injected in the #4 fatpad just anterior to
the draining lymph node with a Hamilton® syringe. The wound was closed with surgical
metal clips and mice were allowed to recover for 7 days before clips were removed.
After 7 days, mice were subjected to high frequency ultrasound imaging (Vevo 770®
high-resolution imaging system, VisualSonics, Toronto, ON, Canada) to assess tumour
take and initial tumour volume. Only mice that had developed a single solid tumour
were included in the study. Mice were ranked and grouped into tiers of 3 mice each,
based on initial tumour size. One mouse was randomly selected from each tier for each
of 3 treatment groups such that the mean initial tumour volume of each treatment
group was the same. Mice received 100 µmol kg-1 QC-15, 75 µmol kg-1 ZnPP, or vehicle
(saline) control by IP injection on days 1, 3, and 5 of a 7-day cycle for the duration of the
study. Tumour volume was assessed by either: high frequency ultrasound (days 8–13),
from which tumour volume was calculated by reconstructing the tumours from images
taken at increasing tumour depths; or by measuring the greatest longitudinal diameter
(length) and the greatest transverse diameter (width) by external caliper (days 12–21)
and the modified ellipsoidal formula was applied311:
Tumour volume = ½(length × width2)
Primary tumours were resected on day 22 to allow time for outgrowth of
metastases to the lungs as described previously312. Mice continued to receive
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treatments following the same dosing schedule for an additional 10 days at which point
mice were euthanized by isoflurane inhalation followed by cervical dislocation. Lungs
were immediately harvested and imaged in a Lightools Research photo cabinet
(Encinitas, CA, U.S.A.) equipped with an ORCAII ER cooled camera (Hamamatsu Co.,
Bridgewater, NJ, U.S.A.) to measure photon flux from EGFP-AC2M2 lung metastases.
Sections of brain, spleen, liver, kidneys, heart, and mesenteric, axillary and draining
lymph nodes were fixed in 10% buffered formalin and embedded in paraffin blocks for
histology. The balance of the harvested organs were snap-frozen in liquid nitrogen and
stored at -80°C for biochemical analysis.
2.2.9 Determination of In vivo Carbon Monoxide Production in Mice via Exhaled Air
The rate of pulmonary excretion of endogenously produced CO (VeCO) has been
used as an index for HO enzymatic activity in vivo313,314. In the present study, the effect
of HO inhibitors on VeCO and total CO production in mice was measured by a flowthrough gas chromatography system according to the method described by Hamori et
al.315 as modified by Dercho et al.225. Mice were housed in gas-tight chambers designed
for the continuous flow-through of CO-free air (Praxair Canada Inc., Mississauga, ON,
Canada) at a rate of 50 mL min-1. Exhaust gas was directed to the injection valve of a TA
3000R reduction gas analyzer (Trace Analytical/Ametek) fitted with a 750 μL sample
loop. Mice were acclimatized to the chambers for 30 minutes, and the baseline VeCO
was determined for 15 minutes.
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2.2.10 Preparation of Tissue Homogenate and Quantification of Protein Expression
Primary tumours were thawed and tissue homogenate (30% w v-1) was prepared
in ice-cold RIPA buffer (0.150 M NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1%
SDS, 0.05% Tris(hydroxymethyl) aminomethane (TRIS) base pH 8.0, and 0.1% protease
inhibitor cocktail added fresh) using a 60S Sonic Dismembrator (Fisher Scientific Ltd.).
The samples were centrifuged at 10,000 x g at 4°C for 20 minutes and the supernatant
was stored at -20°C until used. Protein concentrations were determined using the
Biuret method, as modified by Marks et al.316. In total, 25 μg of AC2M2 tumour
homogenate was subjected to sodium dodecylsulphate-polyacrylamide gel
electrophoresis (SDS–PAGE) under reducing conditions. Proteins were transferred onto
polyvinylidene fluoride Immobilon-P membranes (Millipore, Bedford, MA, USA)
according to the method of Laemmli317. Nonspecific binding sites were blocked by
incubating the membranes in Tris-buffered saline Tween-20 (TBS-T; 0.02M Tris base,
0.14M NaCl, 0.075% Tween-20, pH 7.6) containing 5% (w v-1) skimmed milk powder at
room temperature for 1 hour. The blots were then incubated with a 1:5000 dilution of
the polyclonal anti-rat HO-1 (SPA-895) antibody overnight at 4°C. Subsequently, the
membranes were incubated with a peroxidase-labelled goat anti-rabbit IgG secondary
antibody (BioRad Laboratories Ltd., Mississauga, ON, Canada). Peroxidase activity was
detected by enhanced chemiluminescence detection kit according to the
manufacturer’s instructions (LumiGlo; Mandel Scientific Company Inc., Guelph, ON,
Canada). All gels were calibrated with prestained low-range molecular weight markers
(BioRad). Relative HO-1 expression was quantified by optical densitometry using an NIH
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imager. To ensure uniform protein loading on all gels, membranes used for HO
quantification were stripped in buffer (25 mM glycine, 1% SDS, pH 2.0), blocked as
described above, and probed with a 1:10,000 dilution of the monoclonal anti-β-Actin
(mouse IgG1 isotype).
2.2.11 Data Analysis
Statistical analyses were performed with Prism version 4 (GraphPad Software
Inc., San Diego, CA, U.S.A.). The effect of treatments on AC2M2 cell proliferation in vitro
was presented as a percent of the vehicle-treated control and assessed by an
independent Student’s t-test. The effect of QC-15 on the density of endothelial cell
sprouting from aortic rings was assessed by one-way analysis of variance (ANOVA) and
Dunnett’s post-hoc test. The effects of treatments on hEPC and AC2M2 wound healing
were presented as a percent of the vehicle-treated control and assessed by one-way
ANOVA and Dunnett’s post-hoc test. The effect of treatments on final AC2M2 tumour
volume was assessed by analysis of co-variance and independent Student’s t-test. The
effects of treatment on the number and burden of lung metastases, tumour HO-1
protein expression and VeCO were assessed by one-way ANOVA and Dunnett’s post-hoc
test. p-values ≤ 0.05 were considered to be statistically significant.

2.3 Results
2.3.1 Azole-Based Heme Oxygenase Inhibitors Reduce In vitro Angiogenesis
It has been suggested that VEGF, sFlt-1, sEng and SDF-1α may contribute to the
regulation of angiogenesis through HO-1-dependent mechanisms; therefore we
52

investigated whether QC-15, a selective HO-1-inhibitor, decreased capillary-like
endothelial cell sprouting in an in vitro model of angiogenesis. We used the aortic ring
preparation because it represents many of the individual elements of angiogenesis
(migration, invasion, endogenous angiogenic signalling) in a single assay. Capillary-like
endothelial cell outgrowth was evident after 48 hours in all treatment groups (Figure
2.2A) analysis using Image-Pro® 6.0 revealed that treatment with 100 µM QC-15
resulted in a significant reduction (62%) in the density of vessel outgrowth. The effect
of 100 µM QC-15 persisted through to the 72- and 96-hour time-points as well, resulting
in a 67% and 69% reduction in vessel densities, respectively. There was also a
concentration-dependent effect of QC-15 evident at all three time-points, which
revealed a significant reduction in vessel density at the lowest concentration of QC-15 (1
µM) after 96 hours (Figure 2.2CE). To investigate whether these observations applied to
tumour-driven angiogenesis as well, we tested QC-15 in a novel model of tumour cellinduced aortic ring endothelial cell sprouting. Plating AC2M2 breast tumour cells
around the periphery of wells containing aortic rings increased endothelial cell sprouting
from rings by over 1000-fold after 96 hours compared to wells without tumour cells
(Figure 2.1D). Treatment with QC-15 resulted in a concentration-dependent decrease in
tumour-mediated endothelial cell sprouting culminating in a statistically significant 76%
reduction at 100 µM (p < 0.001).
To further investigate one of the possible mechanisms that may contribute to
angiogenesis, we examined the effects of QC-15 on hEPC migration. The wound-healing
assay measures the ability of confluent quiescent endothelial cells to break cell-cell

53

Figure 2.2 QC-15 inhibition of spontaneous and AC2M2-induced endothelial cell sprouting in aortic
rings. Rat aortic rings were cultured in Matrigel™ bathed in media containing increasing
concentrations of a selective HO-1 inhibitor (1 μM–100 μM QC-15). Aortic rings were photographed
after 48 (A), 72 (B) and 96 (C) hours. Photographs are from representative aortic rings in control
conditions. D) Conditions were identical to A-C except 1x104 AC2M2 cells were plated around the
perimeter of each well to induce tumour cell-mediated endothelial cell sprouting from aortic rings.
Endothelial cell sprouting was quantified using ImagePro® software. Each column represents the mean
± SEM (n = 5). * and Ψ indicate a statistically significant difference from spontaneous control and
AC2M2-induced control, respectively (n = 5; p < 0.05). E) Effect of 50 µM QC-15 on endothelial cell
sprouting at 96 hours..
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contacts and migrate to fill the open space created by the wound, mimicking the in vivo
situation during blood vessel damage. Although treatment with QC-15 (50 µM) caused a
modest reduction of wound closure (11%; data not shown), this was not significant.
2.3.2 Inhibition of In Vitro and In Vivo Tumour Growth
Since HO-1 protein has been found to be increased in a number of tumour types
and HO-1 activity is generally considered cytoprotective, we decided to examine
whether HO-1 inhibition would affect the rate of tumour cell growth. An in vitro cell
proliferation assay revealed a concentration-dependent reduction in AC2M2 cell
proliferation by the HO-1-selective abHOi, QC-15 (Figure 2.3). Moreover, QC-99, a close
structural analogue of QC-15 devoid of HO inhibitory activity, had no effect on cell
proliferation suggesting that the effects seen with QC-15 were mediated through
inhibition of HO.

Figure 2.3 Concentration-response effect on the proliferation of AC2M2 breast cancer cells incubated with
various concentrations (1–100 μM) of the selective HO-1 inhibitor QC-15 (▼) or the non-functional azoleanalogue QC-99 (n). Cells were plated in 24-well plates and given 24 hours to attach before a 48-hour
incubation with the inhibitor. Live cell counts were assessed by the trypan blue exclusion assay and
presented as a percent of the control. * indicates a statistically significant difference between treatment
groups (p < 0.05). There was no difference in the number of dead cells between the groups. Error bars
represent the standard error of the mean (n = 3).
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Based on the results of the in vitro assays we sought to investigate whether the
combination of the anti-angiogenic and anti-proliferative effects of QC-15 seen in vitro
would translate into a reduction in tumour growth in vivo. Implantation of EGFP-AC2M2
breast cancer cells into the mammary fat pad of female Swiss Nude mice resulted in the
rapid development of solid tumours with the mean volume of tumours from vehicletreated mice reaching 810 mm3, 21 days after implantation. Treatment of mice with
100 µmol kg-1 QC-15 (HO-1-selective) beginning 7 days after inoculation (considered
treatment day 8) resulted in a statistically significant reduction (p < 0.01) in final tumour
volume after two weeks (treatment day 22) of treatment compared to vehicle-treated
controls (Figure 2.4). Treatment with the classical metalloporphyrin-based HO inhibitor
ZnPP (75 µmol kg-1) resulted in a modest reduction in tumour volume, although not
statistically significant. The rate of primary tumour growth was also assessed by
calculating the slope of the growth curves. Treatment with QC-15 resulted in a
decreased rate of growth, compared to controls (p < 0.1; Figure 2.4 inset) Mice were
monitored throughout the study for signs of distress or deteriorating health caused by
any of the treatments; however, no changes in behaviour were noted and there were no
significant differences in mouse body weight between the treatment groups (Figure
2.5). Treatment with QC-15 did not affect HO-1 protein expression in the tumours,
however, ZnPP resulted in a statistically significant increase of 109% (Figure 2.6). The
increase in HO-1 protein expression in mice treated with ZnPP did not translate to a
significant increase in systemic HO activity as there was no difference in total body CO
production among any of the treatment groups (Figure 2.7).
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Figure 2.4 Effect of QC-15 treatment on primary AC2M2 tumour volume. Tumour volume was
measured using high frequency ultrasound (day 8–12) and external calipers (day 13–21). The fold
change in tumour growth was determined by normalizing tumour volumes with the first average
measurement taken on day 13. Inset: Slope of the rate of primary tumour growth. Treatment with
QC-15 resulted in a statistically significant reduction in tumour growth (p < 0.01). Lower
photographs show excised primary AC2M2 tumours from mice receiving 100 µmol kg-1 QC-15 or
saline (10 µl g-1 body weight) control on day 1, 3, and 5 of a 7-day cycle. Data are presented as
mean ± SD (n = 5).
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Figure 2.5 Effect of treatment on mouse body weight. Mice were weighed every other day immediately
before treatment. There were no significant differences in body weight among the QC-15 (100 µmol kg-1),
ZnPP (75 µmol kg-1) or saline (10 ul g-1 body weight) treated animals.
The data are presented as mean ± SD (n = 6).

Figure 2.6 Differential effect of ZnPP and QC-15 on HO-1 protein expression in primary tumours.
Primary tumours were surgically removed 24 hours after drug administration on day 15. Homogenates
were prepared and subjected to SDS–PAGE and Western blotting for HO-1. Data are presented as
percent HO-1 protein expression of control mice normalized to β-actin. There was a statistically
significant increase in HO-1 protein expression in tumours from ZnPP-treated compared to control mice
(p < 0.01). Columns represent the average of 6 mice; bars represent the standard error of the mean.
Images are from representative blots.
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Figure 2.7 Whole animal HO activity 1 and 24 hours after drug treatment. HO activity was measured by
the average CO excretion (VeCO; µL hr-1 kg-1) over 15 minutes. There were no significant differences in
whole animal HO activity 1 or 24 hours after treatment. Data are presented as mean ± SEM (n = 6).

2.3.3 Inhibition of In Vivo Lung Metastasis
Figure 2.8A highlights the metastatic incidence rates (mice with the presence of
at least one lung metastatic nodule). QC-15 and ZnPP-treated mice had incidence rates
of 67% and 83%, respectively, whereas 100% of vehicle-treated mice had lung
metastases. The number of metastatic lung nodules per mouse was quantified by
observer-blinded histological examination of hematoxylin and eosin (H&E) stained lung
sections. There was a statistically significant reduction (88%) in the number of lung
metastases in mice treated with QC-15 compared to controls (Figure 2.8B). There was
also a marked decrease in the number of lung metastases in mice treated with ZnPP. As
a measure of the total burden of lung metastases, we quantified the photon flux from
EGFP-AC2M2 cells in the lungs by densitometry and found that there was a statistically
significant reduction in lung metastatic burden in mice treated with QC-15, similar to
that of mice treated with ZnPP (Figure 2.8C) when compared to vehicle alone.
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Figure 2.8 HO inhibition reduces the incidence (A), number (B), and burden (C) of lung metastases. Ten
days after primary tumour removal, mice were euthanized and lungs were removed and photon flux
was measured using a Hamamatsu ORCAII ER cooled camera. Lungs were then fixed in 10% buffered
formalin and paraffin-embedded. Sections were stained with hematoxylin and eosin. B) Individual
metastases were quantified in formalin fixed, H&E stained-lung sections. Quantification was performed
by two individuals who were blinded to the treatment groups. C) The burden of metastases in the lung
was quantified by measuring bioluminescence from EGFP-expressing AC2M2 lung metastases.
Treatment with QC-15 or ZnPP resulted in a statistically significant reduction in the number of
metastatic events and size of metastases in the lung (p < 0.05). Bar graph data are presented as mean ±
SEM (n = 5–6). Representative histological lung tissue sections (D-G) and biophotonic images (H-K)
showing EGFP-labeled AC2M2 metastases (arrows) in the lungs from QC-15-treated (D, E, H, I) and
control (F, G, J, K) mice.
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Tumour cell detachment and migration are necessary components for the
development of distant metastasis in vivo. To further investigate the potential
mechanisms by which QC-15 and ZnPP exerted their anti-metastatic effects in vivo we
tested their ability to inhibit AC2M2 cell migration in the wound-healing assay. Figure
2.9 shows a significant decrease in cell migration of AC2M2 cells after treatment with
QC-15 (26%) and ZnPP (18%). These results suggest that inhibition of tumour cell
detachment and migration may partially explain the decrease in lung metastases seen in
the in vivo model.

Figure 2.9 Inhibition of AC2M2 breast cancer cell migration by heme oxygenase inhibitors. Cells were
plated in 48-well plates and given 24 hours to reach confluence. A lesion was made in the centre of
the well creating a wound and cells were rinsed and replaced with media containing treatments. The
migration distance of cells into the wound was quantified after 24 hours by ImagePro® software and
presented as a percent of the control. Treatment with QC-15 or ZnPP but not the inactive QC-15
analogue–QC-99–resulted in a statistically significant reduction in cell migration (*p < 0.05). Data are
presented as mean ± SEM (n = 5).
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2.4 Discussion
The data presented herein suggest that novel HO-1-selective abHOi possess
several properties in vitro and in vivo that make them attractive therapeutic candidates
for the treatment of metastatic breast cancer. We observed that HO-1-selective abHOi
decreased the proliferation of a highly-metastatic breast tumour cell line (AC2M2) in
vitro. This effect translated into a significant inhibition of AC2M2 mammary tumour
growth in vivo after just two weeks of treatment. In this aggressive lung-metastatic
model, mice treated with the HO-1-selective abHOi, QC-15, showed an important
reduction in the incidence, number and total burden of lung metastases, an effect that
may be partially mediated by the inhibition of tumour cell detachment and migration.
In vitro models of angiogenesis showed that QC-15 inhibited the formation and growth
of capillary-like endothelial tube networks independent of any effect on endothelial cell
migration. Thus, the inhibitory effect of HO-1-selective abHOi likely occurs via several
mechanisms that regulate tumour growth and metastasis. The marked anti-metastatic
effects of QC-15 represent an important milestone in its development as a potential
therapeutic against cancer and warrants further investigation into the mechanism of
action responsible for these effects.
These results are consistent with those generated by Alaoui-Jamali et al.250 who
showed that treatment of tumour-bearing mice with a structurally similar HO-1selective abHOi (QC-56, also known as OB-24) inhibited primary tumour growth and
metastases in an orthotopic model of prostate cancer. The most remarkable result from
their work was the apparent synergistic effect between QC-56 and the anti-microtubule
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agent, paclitaxel (Taxol®) on PC3 prostate tumour growth. In our examination of the
synergistic effects of QC-56 and chemotherapeutics in vitro (data not shown) we did not
observe any significant synergistic effects in any of the cell lines tested, including PC3
prostate cancer cells. A possible explanation for this discrepancy is that the synergistic
effect observed by Alaoui-Jamali et al.250 was due to a pharmacokinetic effect that may
not manifest in the in vitro synergistic studies. The primary route of metabolism of
taxanes, such as paclitaxel, is via CYP3A4 biotransformation and recent work in our
laboratory has shown that QC-15 and QC-56 inhibit CYP3A4 in the therapeutic range
necessary for HO inhibition70. Inhibition of paclitaxel metabolism by QC-56 would result
in increased circulating levels of paclitaxel and could explain the increased therapeutic
response. In our own pilot study investigating the therapeutic potential of an HO-1selective abHOi in prostate cancer, mice receiving a combination of QC-15 and the
taxane docetaxel, had to be removed from the study due the development of paralytic
ileus, a common side effect seen with the overdose of taxanes. Since neither the QC-15alone nor the docetaxel-alone group showed any of the same symptoms, it appeared as
though the abHOi was augmenting the effects of the taxane. This interaction may also
explain the synergistic effects of QC-56 and paclitaxel on tumour growth reported by
Alaoui-Jamali et al.250 where the administration of QC-56 increased body exposure to
paclitaxel resulting in increased efficacy of the treatment.
Although most cancers are described in terms of their primary site of origin, it is
metastatic outgrowth that proves to be the most difficult to treat and, in many cases, is
responsible for the resulting mortality. Here we observed that treatment of AC2M2
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tumour-bearing mice with QC-15 significantly reduced the incidence and number of lung
metastases. These data are supported by the findings of Alaoui-Jamali et al.250 who
showed that QC-56 treatment prevented lung metastases in an orthotopic prostate
cancer model and of Sunamura et al.267 who showed that HO-1 overexpression
increased, and HO inhibition by stannous mesoporphyrin decreased, the occurrence of
metastasis in a lung colonization model in SCID mice. The metastatic process comprises
many steps including tumour cell migration and invasion into local tissue, dissemination
through the lymphatic and venous systems, implantation, extravasation into the distant
tissue and growth of the established tumour emboli. Each one of these processes
represents a potential target for anti-metastatic therapy. Data from Figure 2.9 suggest
that the anti-metastatic effects of QC-15 and ZnPP may be partly due to the inhibition of
tumour cell detachment and migration. Recently, HO-1 has been shown to induce
matrix metalloprotease-1 expression in human breast cancer cells318; this enzyme is
responsible for degradation of the extracellular matrix necessary for cell migration.
Therefore, it is possible that reduction in HO-1-mediated matrix metalloprotease-1
expression by QC-15 and ZnPP may be partially responsible for their anti-metastatic
effects and should be explored further.
The effect of reduction in viability of tumour cells by abHOi was consistent across
all tumour cell lines tested in cell viability assays (PC3, Du145, Hela, MCF-7, MDA-MB231, HepG2; unpublished results). Previous work in the field has revealed that inhibition
of HO by ZnPP also reduces the viability of tumour cells to comparable levels 319.
Interestingly, these effects occur at 100-fold lower concentrations, compared to the
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necessary concentrations of abHOi to elicit the same effect, despite the fact that the
potency of ZnPP with respect to HO inhibition is similar to that of QC-56 (unpublished
data). It is possible that the increased cytotoxicity of ZnPP is independent of HO
inhibition. Metalloporphyrins, and in particular ZnPP, are known to be phototoxic and
have been shown to oxidize organic molecules such as lipids, proteins, and nucleic acids
in the presence of light289,320. Although efforts are made to minimize exposure of ZnPP
solutions and cell cultures to light, it is difficult to avoid completely and this may
partially explain the increased potency typically seen with ZnPP in vitro. In the in vivo
AC2M2 orthotopic mammary tumour model, where phototoxicity is less likely to occur,
treatment with QC-15 or ZnPP showed similar inhibition of primary tumour volume.
This study represents an important step in demonstrating the utility of abHOi,
specifically QC-15, in the treatment of metastatic cancer. Whether the inhibition of
tumour growth or the marked anti-metastatic effects are entirely due to HO-1 inhibition
or whether other unidentified targets are involved remains to be seen. The inhibitory
effects of QC-15 could act directly on tumour growth and migration or indirectly through
the stroma via angiogenesis. Currently indicated anti-angiogenic therapies, such as
bevacizumab, are indicated in specific types of cancer that respond to their particular
mode of action. It is therefore possible that specific tumour types, where angiogenesis
is driven by different subsets of angiogenic factors, would exhibit distinct responses to
QC-15 treatment. Overall, these data support previous work revealing a role for HO-1
inhibition in the treatment of cancer. Future studies will be directed towards
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elucidating the exact mechanisms responsible for these anti-tumourigenic and antimetastatic effects.
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Chapter 3 - Examining the Effects of Small Molecule Heme
Oxygenase-1 Inhibitors on AC2M2 Mouse Breast Cancer

3.1 Introduction
Heme oxygenase (HO), first described in 1963321 and further characterized in
1968282, is the rate limiting enzyme in the degradation of heme that produces carbon
monoxide (CO), free iron (Fe2+), and biliverdin. Two active isoforms exist: HO-1 is the
inducible enzyme found primarily in the spleen and liver and HO-2 is considered to be
the constitutive isoform found primarily in the brain and testes7,30. The breakdown
products were once considered to be solely waste products; nevertheless, it is now
known that all three have important physiological roles, many of which are considered
to be cytoprotective (e.g. anti-apoptotic, anti-inflammatory, anti-oxidant)42–52. While the
actions of HO and its byproducts are beneficial to healthy normal cells, they can also
help damaged cells survive and proliferate.
Of particular interest is the role HO plays in the progression of cancer. HO-1 is
upregulated in a number of cancers including lymphosarcomas244, cerebral
glioblastomas and astrocytomas56, prostate cancer242, renal cell carcinoma54, and oral
squamous cell carinomas246,247. Downregulation of HO-1 mRNA expression using small
interfering RNA (siRNA) on pancreatic cancer cells resulted in decreased tumour growth
and an increased sensitivity to both radio- and chemotherapy55. Inhibition of HO-1 using
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poly(ethylene) glycol conjugated-zinc protoporphyrin IX (ZnPP) has been shown to
suppress growth of sarcoma 180 cells implanted subcutaneously62,249. Furthermore, HO1 is upregulated in response to some anticancer treatments55,60, providing evidence that
HO-1 is important to the survival and promotion of tumours and targeted inhibition may
lead to decreased tumour survival, as previously demonstrated62,319,322.
While the exact mechanism by which the HO/CO system may promote cancer
growth and progression is not known, it has been hypothesized that its involvement
towards increased resistance to stress and apoptosis, damage to cell cycle and
differentiation genes, and the promotion of angiogenesis may play a role. It has also
been reported that HO-1 may influence vascular endothelial growth factor (VEGF)
expression263,264,279,280, which is important for the neovascularization of new tumours323.
Until recently, the tools used to investigate the physiological roles of HO have
been the metalloporphyrin (Mp) class of compounds (as reviewed by Schulz et al.232).
These compounds resemble heme, but their central metal ion is not iron. Examples
include ZnPP, chromium mesoporphyrin (CrMP), and zinc deuteroporphyrin IX bis glycol
(ZnDP). While these compounds have been effective in examining the HO/CO system,
their use is limited due to their inhibitory effects on other heme-dependent proteins,
such as soluble guanylyl cyclase (sGC), nitric oxide synthase (NOS)190,191,196, and
cytochrome P450s (CYPs)193. Mps can also induce HO-198,324, which further limits their
utility. The use of Mps as therapeutic agents is being investigated in cases of neonatal
hyperbilirubinemia; however, such studies are limited by solubility and the risk of
phototoxicity232,289.
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Our laboratory, in collaboration with Dr. Szarek’s organic chemistry laboratory,
has been successful in designing and synthesizing a number of small molecule azolebased heme oxygenase-selective inhibitors45,212,214,216,218,220–223. These compounds are
beneficial in that they do not inhibit sGC or NOS220 and several azole-based compounds
have been identified as having limited effects on various CYPs70. Repeated dosing has
been well tolerated and there has been no evidence of toxicity (unpublished data).
Unlike Mps, the azole-based HO inhibitors do not induce HO protein expression 217
(Figure 2.6). Overall, azole-based HO inhibitors have a favourable drug profile which
makes them promising candidates to be used to investigate the role of HO in various
disease models.
Previous work, as detailed in Chapter 2, demonstrated that selective HO-1
inhibition using a small molecule azole-based compound resulted in a decrease in cell
viability (Figure 2.3), a decrease in endothelial tube-like branching from
Matrigel™-embedded aortic rings (Figure 2.2), a decrease in primary tumour size (Figure
2.4), and a decrease in the average number of metastatic lesions on the lungs (Figure
2.8). It was hypothesized that a more potent azole-based HO inhibitor (QC-308) will
result in more drastic decreases in AC2M2 cancer cell survival, proliferation, and
progression. A second compound (QC-310), which is inactive towards HO inhibition, was
also examined to test the hypothesis that the results from Chapter 2 were in fact due to
HO inhibition and not a side effect due to an unknown mechanism.
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3.2 Materials and Methods
3.2.1 Materials and Reagents
QC-15, QC-308 (1-imidazol-1-yl-4,4-diphenyl-butan-2-one hydrochloride), and
QC-310 (1-{2-[2-(4-chloro-phenyl)-ethyl]-[1,3]dioxolan-2-ylmethyl}-2-methyl-1Himidazole hydrochloride) were synthesized and characterized by MS and NMR
spectrometry as previously described216,222,325. For in vivo studies, a 10 mM solution was
prepared fresh on each treatment day by dissolving in sterile 0.1% N-methyl-pyrrolidone
(NMP)/saline.
See section 2.2.1 for more details.
3.2.2 Animals
Male Sprague-Dawley rats (250-300g) and Female Swiss Nude (Crl:NU(NCr)Foxn1<nu>) mice (4-6 weeks of age) were purchased from Charles River Inc. (Montreal,
QC, Canada). The animals were allowed to acclimatize for one week prior to the first
treatment. All animals were cared for in accordance with the principles and guidelines
of the Canadian Council on Animal Care and all experimental protocols were approved
by the Queen’s University Animal Care Committee.
See section 2.2.2 for more detail.
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3.2.3 Preparation of tissue microsomal fractions
Microsomal fractions from rat spleen (HO-1) and brain (HO-2) were obtained
through differential centrifugation of tissue homogenate, as previously described 220,326.
In brief, tissues were thawed, harvested and flash frozen in liquid nitrogen until used.
Tissues were homogenized (15% w v-1) in ice-cold 20 mM phosphate buffer using a 60S
Sonic Dismembrator (Fisher Scientific Ltd., Ottawa, ON, Canada). The homogenate was
centrifuged at 10,000 x g for 20 min at 4°C. Supernatant was collected and centrifuged
at 100,000 x g for 60 min at 4°C. The resulting microsomal pellet was resuspended in
100 mM phosphate-glycerol buffer (100 mM KH2PO4, 20% glycerol, and 1 mM EDTA)
using Potter-Elvehjem homogenizers with Teflon pestles. Microsomes were aliquoted
and stored at -80°C until used. Protein concentration was determined using the Biuret
method, as modified by Marks et al.316.
3.2.4 Heme Oxygenase activity assay
The effects of QC-15, QC-308, and QC-310 on the HO activity of rat spleen (HO-1)
and rat brain (HO-2) microsomal fractions were determined by quantifying CO
production from the degradation of methemalbumin using gas chromatography, as
described previously216,220,325,327,328. Briefly, tissue microsomes (brain: 1.0 mg ml-1
protein; spleen: 0.5 mg ml-1 protein) were preincubated with 50 µM methemalbumin
(1.5 mM heme and 0.15 mM BSA), 100 mM phosphate buffer (pH 7.4), QC-XX at final
concentrations ranging from 0.1 to 100 µM or vehicle, for 10 min at 37°C. During this
time, the vials were purged with CO-free dry air. In order to initiate the reaction 20 µl of
a 7.5 mM NADPH solution were added to each sample vial. The final reaction mixture
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had a volume of 0.15 ml and was further incubated for 15 min at 37°C. Reactions were
terminated by freezing the samples instantly on crushed dry ice. CO formation was
measured as a corrected peak area by gas chromatography using a TA 3000R Process
Gas Analyzer (Trace Analytical/Ametek, Newark, DE). The amount of CO formation was
determined by interpolation on a CO standard curve. Change in CO production was
calculated as the percent of control (no HO inhibitor). All experiments were performed
in duplicate at least 3 times (n ≥ 3).
3.2.5 Cell culture
AC2M2 cells were cultured as described in section 2.2.4.
3.2.6 Chemosensitivity assay
The effects of QC-15, QC-308, and QC-310 on AC2M2 cell proliferation and
survival was assessed by the dimethyl thiazolyl diphenyl tetrazolium salt (MTT) assay 329.
In brief, cells were seeded at 1.25×104 cells/200 µl per well, such that control wells
(vehicle) would reach confluence at the end of the experiment (24 hours), in a 48-well
plate. Cells were allowed to settle for 30 minutes and 400 µl of media containing various
concentrations of the drug of interest were added. Cells were incubated at 37°C for 24
hours at which time the medium from each well was aspirated and cells were further
incubated at 37°C with 200 µl of serum-free medium containing 0.5 mg ml-1 MTT.
Following a 1 hour incubation the MTT-containing medium was aspirated and 200 µl of
2-propanol were added to each well after which the absorbance at 570 nm was
measured using a BioTek Synergy HT microplate reader (BioTek Instruments Inc.,
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Winooski, VT, USA). Data were represented as a % control where vehicle-treated cells
represented 100%. Increased cell proliferation and survival were indicated by a higher
optical density value. All experiments were performed in triplicate at least three times
(n ≥ 3).
3.2.7 Aortic Ring Endothelial Cell Sprouting Assay
The effects of QC-15, QC-308, and QC-310 on angiogenesis were determined
using the aortic ring sprouting assay, as detailed in section 2.2.6. The concentrations
tested were determined from the chemosensitivity assay as detailed in section 3.2.6,
such that the concentrations used were not cytotoxic to the AC2M2 cells after 24 hours.
3.2.8 Immunofluorescence
Immunofluorescent (IF) staining was performed as described previously330.
Aortic rings embedded in Matrigel™ were fixed in multi-well dishes with a final
concentration of 4% paraformaldehyde in PBS for 30 min, permeabilized with 0.5%
Triton X-100 for 15 min, and blocked with 10% goat serum in IF buffer (130 mM NaCl, 7
mM Na2HPO4, 3.5 mM NaH2PO4, 7.7 mM NaN3, 0.1% BSA, 0.2% Triton X-100, 0.05%
Tween20) for 1.5 hours. Endothelial cells were stained overnight at 4°C with goat antiCD31 (Santa Cruz, #sc-1506). Rings were washed 3 times with IF buffer, incubated with
Alexa546 anti-goat IgG (Invitrogen, A11056) for 1 hour, then washed 3 times with IF
buffer which was followed by DAPI staining for 15 min and a PBS wash. Images were
obtained using a Quorum Wave FX spinning disk confocal microscope (Quorum
Technologies Inc). Three dimensional (3D) reconstruction of deconvoluted image stacks
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was carried out using Metamorph imaging software (Molecular Devices Inc., Sunnyvale,
CA, USA).
3.2.9 In Vivo Tumour Model
The effects of QC-15, QC-308, or QC-310 on in vivo primary AC2M2 tumour
growth and metastasis development were determined according to the methodology
described in section 2.2.8. Mice received 100 µmol kg-1 QC-XX or 10 µl g-1 body weight of
a 0.1% NMP/saline control solution by IP injection administered on days 1, 3, and 5 of a
7-day cycle for the duration of the study. Tumour volume was assessed by measuring
the greatest longitudinal diameter (length) and the greatest transverse diameter (width)
by external caliper (days 10-22). The modified ellipsoidal formula311 was applied:
Tumour volume = ½ (length x width2)
3.2.10 Preparation of Tumour Homogenate and Quantification of Protein Expression
Tumour homogenate was prepared as described previously (Section 2.2.10). The
effects of QC-15, QC-308, and QC-310 on the tumour expression of HO-1 (SPA-895;
Assay Designs now Enzo Life Sciences, Inc., Farmingdale, NY, USA) and β-actin (mouse
igG1 isotype; Sigma Chemical Co.) were determined as previously described in section
2.2.10.
Three control samples were selected to be run with each treatment group on all
blots. This ensured that each treatment group’s protein levels, relative to control
(100%), could then be compared across blots.
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3.2.11 Statistical Analysis
All statistical analyses were performed using Prism ® Version 6 (GraphPad
Software Inc., San Diego, CA, USA). All data are presented as mean ± standard error of
the mean (SEM). Unpaired Student’s t-tests (treatments = 2), one-way analysis of
variance (ANOVA) with Tukey’s or Dunnett’s post hoc test or two-way ANOVA with
Bonferroni post-hoc test (treatments > 2) were performed where appropriate. P-values
≤ 0.05 were considered to be statistically significant.

3.3 Results
3.3.1 QC-15 and QC-308 Inhibited HO Activity
QC-15 and QC-308 were active HO inhibitors, with QC-308 being more potent
(Figure 3.1). QC-310 did not inhibit either rat spleen HO-1 or brain HO-2 microsomal CO
production (Figure 3.1C). The inset table compares IC50 values between rat HO-1
(spleen) and HO-2 (brain) for the three compounds tested.
3.3.2 QC-15 and QC-308 Decreased AC2M2 Cell Viability in a Concentration-Dependent
Manner
All QC-compounds tested resulted in significant cell death at the highest
concentration tested, 200 μM, when compared to vehicle control (p<0.01; Figure 3.2).
QC-310 was the most potent drug, with significant cell loss (18%) occurring at a
concentration of 50 μM (p<0.05); subsequent concentrations resulted in increased cell
death compared to control (p<0.01). QC-15 experienced a decrease in cell viability (24%)
at 75 µM (p<0.01), with increased cell death compared to controls at higher
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concentrations (p<0.01). Treatment with QC-308 only resulted in a significant decrease
in cell survival (22%) at 200 µM (p<0.01).

Figure 3.1 Effects of A) QC-15, B) QC-308, and C) QC-310 on rat spleen (HO-1;▴) and brain (HO-2; ○)
microsomal CO production. The table contains the IC50 values for each drug tested in the two
microsomal preparations. Tissue microsomes were incubated with methemalbumin and increasing
concentrations of QC-XX (0-100 µM). NADPH solution was added to each vial to start the reaction, which
occurred for 15 min at 37°C. Reactions were terminated by freezing the samples on crushed dry ice. CO
formation was measured as corrected peak area by gas chromatography using a TA 3000R Process Gas
Analyzer (Trace Analytical/Ametek). The amount of CO formation was determined by interpolation on a
CO standard curve. The data are presented as the percent control (0 µM inhibitor). All experiments were
performed in duplicate (n ≥ 3).
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Figure 3.2 AC2M2 cell chemosensitivity and viability after 24 hr treatment with (□) QC-15, ( ∆ ) QC-308,
or (○) QC-310. Compared to control (vehicle), only QC-310 produced significant decrease in cell viability
at 50 μM (*p < 0.05) when compared to control. At a concentrations of 75 and 100 μM, QC-15 and QC310 showed decreases in cell viability (** p < 0.01). All drugs displayed decreased cell viability at drug
concentrations at 200 μM (++ p < 0.01). AC2M2 cells (1.25x104) were seeded in wells and incubated with
Increasing concentrations of QC-XX (0-200 μM) for 24 hours. Cell viability was determined by incubating
the cells with medium containing MTT (5 mg/ml) for 1 hour, at which time the cells were lysed with 2propanol and the absorbance at 570 nm was measured using a BioTek Synergy HT microplate reader
(BioTek Instruments Inc.). Data are presented as a percent control (vehicle): mean ± SEM (n = 4).
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3.3.3 QC-308 Decreased AC2M2-Stimulated Endothelial Cell Tube-like Branching
Incubation of aortic rings embedded in Matrigel™ with AC2M2 cells plated
around the periphery of the wells resulted in a significantly increased number of
endothelial cells that formed tube-like structures branching away from the aortic ring
into the surrounding Matrigel™, over time (Figure 3.3A-C). Endothelial cells were
identified by red immunofluorescent CD31 staining (Figure 3.3D). Branching of
endothelial cell tube-like structures increased over time, with the AC2M2 cells
stimulating increased growth compared to wells containing no cells on the periphery
(Figure 3.4AB); 5x103 AC2M2 cells was selected for subsequent studies as it produced
significant tube-like branching at 72 hours and 96 hours (p<0.05; Figure 3.4A-B). Only
tube-like structures protruding from the outer edge of the aortic rings were analyzed.
Concentrations of 10 µM and 25 µM QC-308 were the only treatments to result in a
decrease in microvessel area after 72 hours (p<0.05; Figure 3.4C). This decrease
persisted after 96 hours in the 10 µM treatment group (p<0.05; Figure 3.4D). There was
no change in the area of endothelial cell tube-like branching with either the QC-15 or
QC-310.
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Figure 3.3 Endothelial cell tube-like projections branching away from Matrigel™-embedded aortic ring
segments over time. Rat aortic rings were cultured in Matrigel™ bathed in media containing vehicle control
(0.1% NMP/saline). AC2M2 cells (5x103) were seeded along the periphery of 48-well plates to facilitate
AC2M2 cancer cell-driven endothelial cell tube-like sprouting. Aortic rings were photographed after (A) 48
hours, (B) 72 hours, and (C) 96 hours. (D) Matrigel™-embedded aortic rings were fixed in multi-well dishes
with 4% paraformaldehyde, permeabilized with 0.5% Triton X-100, and blocked with 10% goat serum in IF
buffer. Endothelial cells were stained overnight at 4°C with goat anti-CD31 (Santa Cruz). Rings were washed,
incubated for 1 hour with anti-goat IgG, washed and stained by DAPI (15 min). Images were obtained using a
Quorum Wave FX spinning disk confocal microscope (Quorum Technologies Inc.). Endothelial cell tube-like
projections branched away from the aortic ring segments (CD31 red immunofluorescent staining).
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Figure 3.4 AC2M2 cells were plated around a Matrigel™-embedded aortic ring segment. Rat aortic rings
were cultured in Matrigel™ bathed in media containing vehicle control (0.1% NMP/saline) or QC-XX
concentrations previously determined to not be cytotoxic to the AC2M2 cells. AC2M2 cells were seeded
along the periphery of 48-well plates to facilitate AC2M2 cancer cell-driven endothelial cell tube-like
sprouting. Aortic rings were photographed after 48 hours, 72 hours, and 96 hours using a phase contrast
microscope and microvessel area was quantified using Image-Pro® 6.0 (Media Cybernetics). The
number of AC2M2 cells to co-culture with the aortic rings was tested and significant differences in
endothelial cell tube-like sprouting were observed at (A) 72 and (B) 96 hours. 5x103 AC2M2 cells were
selected for subsequent studies as they produced significant tube-like sprouting at 72 hours (**p < 0.01)
and 96 hours (***p < 0.001); 1x103 cells also produced a significant increase in endothelial tube-like
sprouting at 96 hours (*p < 0.05) Treatment with QC-308 resulted in a decrease in microvessel area at (C)
72 hours with 10 and 25 µM (*p < 0.05) and (D) 96 hours at 10 µM (*p < 0.05). All experiments were
performed in quadruplicate and data are displayed as mean ± SEM (n = 3).
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3.3.4 Azole-based HO Inhibition Did Not Attenuate In vivo AC2M2 Tumour Growth or
Progression
There was no effect of our QC-compounds on the rate of primary tumour
growth, as determined by the slope of the growth curve (inset) or the final tumour
volume (Figure 3.5). Primary tumours increased in size over the course of the study,
with the largest tumours having a volume of approximately 750 mm3 by the end (13 fold
increase over the first average measurement taken on day 10).
There was no significant difference in the number of metastatic lesions on the
lungs of mice treated with either HO inhibitor, QC-15 or QC-308 (Figure 3.6). Of the 8
QC-310 treated mice that survived to day 35, 3 mice had an average of ~7 lung nodules,
which was significantly more metastases than control mice (p < 0.01). 6 out of 9 control
lungs had metastatic lesions, with the average being 2 nodules per lung.
There was no effect of QC-XX treatment on the overall health of the mice in each
treatment group, as determined by mouse weight (data not shown).
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Figure 3.5 Lack of effect of QC-xx treatment on the rate of growth and on primary AC2M2 tumour
volume. Tumour volume was measured using external calipers (day 10–22). The fold change in tumour
volume was determined by normalizing tumour volumes with the first average measurement taken on
day 10. Mice received either 100 µmol kg-1 QC-XX (15, 308, or 310) or 10 µl g-1 body weight 0.1%
NMP/saline control solution on days 1, 3, and 5 of a 7-day cycle for the duration of the study. Inset:
Slope of the rate of primary tumour growth. Data are presented as mean ± SEM (n = 10).
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Figure 3.6 Treatment with QC-310 resulted in an increased average number of metastases in those mice
that had lung nodules. Lungs were harvested 10 days after primary tumour removal and photon flux of
EGFP-labelled AC2M2 metastases was measured using a Hamamatsu ORCAII ER cooled camera. (A)
There was no difference in the number of mice that developed lung metastases between 100 µmol kg-1
QC-XX treatments compared to 0.1% NMP/saline controls; (B) there was a significant increase in the
average number of metastatic nodules of those QC-310 treated mice that developed lung metastases
compared to control (*p < 0.05). However, control mice developed an unexpectedly low average
number of lung nodules (~2) in the 6 mice that had metastases. The numbers above the bars (average ±
SEM) represent the number of mice that developed metastatic lesions out of the total number of lungs
analyzed in that treatment group.
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3.3.5 Azole-based HO-1 Selective Inhibition Did Not Upregulate HO-1 in Primary
Tumours Grown In Vivo
There was no effect with either QC-15 or QC-310 treatment on the expression of
HO-1, as determined by western blotting (Figure 3.7); however, there was a significant
increase in HO-1 expression with the non-selective QC-308. A significant difference in
HO-1 expression was observed in those primary tumours that grew back after the initial
resection on Day 22 in the QC-15 and QC-310 treated mice compared to saline-treated
animals (Figure 3.7).
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Figure 3.7 HO-1 protein levels in AC2M2 tumours were increased with QC-308 treatment and in
tumour regrowths of QC-15 and QC-310 treated mice. Homogenates were prepared and subjected
to SDS–PAGE and Western blotting for HO-1. Data are presented relative to the primary tumour
HO-1 protein expression of control mice. There was a statistically significant increase in HO-1 protein
expression in primary tumours from 100 µmol kg-1 QC-308 treated mice compared to control (10 µl
g-1 body weight 1% NMP/saline) treated mice (+p < 0.05) and a significant increase in HO-1 protein
expression in the tumours that grew back after primary tumour excision on day 22 in the mice
receiving 100 µmol kg-1 QC-15 (**p < 0.01) or QC-310 (*p < 0.05) compared to the HO-1 protein
expression of control mice regrowths. Data are presented as mean ± SEM (n = 10). Primary tumours
were harvested on day 22, tumours that regrew after initial resection were harvested on day 35
upon the termination of the study.
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3.4 Discussion
Previous work demonstrated that selective HO-1 inhibition, using QC-15,
decreased orthotopic primary AC2M2 tumour growth and resulted in a decreased
number of metastatic lesions on the lungs of treated mice compared to controls
(Chapter 2). It was hypothesized that the more potent inhibitor, QC-308, would result in
a further decrease in primary tumour size and metastatic burden, compared to QC-15.
Also tested was QC-310, an analogue of QC-15 that was rendered inactive towards HO
inhibition by the inclusion of a methyl group at the 2-position on the imidazole ring. This
inactive compound was included to test the hypothesis that the observations described
in Chapter 2 were in fact due to HO inhibition and not due to some off target effects.
Both QC-15 and QC-308 are active inhibitors of both HO-1 (rat spleen) and HO-2
(rat brain); they act in a concentration-dependent manner (Figure 3.1); as expected,
QC-308 was more potent than QC-15 at inhibiting both HO isoforms and QC-310 had no
effect on either HO-1 or HO-2 enzyme activities. The results for QC-308 correlate with
results published by Rahman et al.216 demonstrating potent HO-1 and HO-2 inhibition.
The results for QC-15 demonstrate that this compound was more active than observed
previously; while QC-15 still demonstrated some selectivity for HO-1, the observed IC50
value for HO-2 inhibition was no longer incalculable and reported as >100 µM, but
active with ~25% inhibition, as reported previously220,222– the most recent HO-2 IC50 for
QC-15 is ~10 µM (Figure 3.1). There has been a steady loss of selectivity with
Vukomanovic et al.331 reporting 50% inhibition at 100 µM QC-15. While it was
postulated that the compound had perhaps degraded over the years, NMR analysis
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confirmed that the compound used had not changed from the original analysis.
Furthermore, the effects of QC-15 and QC-308 on spleen HO-1 activity correlate well
with previously published results; we would have hypothesized that any change in the
chemical composition of QC-15, which rendered it more active against HO-2, would
have also increased its potency towards HO-1. Currently, we hypothesize that there has
been a change in the levels of HO-1 protein present in male Sprague-Dawley rat brain. A
rise in HO-1 protein concentration over time might explain the shift in potency of what
was once considered to be an HO-1 selective drug; however, this is unlikely. This change
in efficacy towards HO-2 inhibition was unexpected and has yet to be explained.
The effect of HO inhibition on angiogenesis was examined by observing the
effects on AC2M2-induced endothelial cell tube-like branching from Matrigel™embedded aortic ring segments. We hypothesized that the presence of AC2M2 cells,
which contain HO (data not shown), would, through the increased presence of CO,
which has been shown to increase VEGF production, increase the density of tube-like
microvessel sprouting from the aortic ring segments into the surrounding Matrigel™. An
increasing number of AC2M2 cells were plated around the outer periphery of the wells
which contained a Matrigel™-embedded aortic ring segment such that the AC2M2 cells
were not over-confluent at 96 hours. At 72 hours, a concentration-dependent increase
in tube-sprouting was observed, with a larger number of cells plated around the
embedded aortic ring segments resulting in a greater microvessel density than all other
cell concentrations tested (Figure 3.4A). This effect continued at 96 hours; however, by
this timepoint there was no difference in tube-like sprouting in the wells containing the
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two highest cell numbers. By 96 hours, the smallest number of cells tested produced
significantly more endothelial cell tubes than the wells containing no cells (Figure 3.4B).
These results indicate that with an increase in AC2M2 cells, there is an increase in
angiogenic response, as indicated by endothelial cell tube-sprouting out of the
Matrigel™-embedded aortic ring segments.
It was decided that 5 x 103 cells would be seeded around the periphery of
subsequent aortic ring sprouting assay wells - this number of cells produced a significant
increase in tube-like sprouting at 72 and 96 hours compared to wells that did not
contain AC2M2 cells and did not result in overcrowding of the wells. Drug
concentrations were chosen such that they did not result in significant AC2M2 cell
death, as determined by the MTT assay (Figure 3.2). Only concentrations of QC-308 (10
and 25 µM), the non-selective but most potent HO inhibitor tested, resulted in a
decrease in the density of tube-like projections, compared to control wells which
received 1% NMP/saline vehicle control. These concentrations of QC-308 result in
approximately 90% inhibition of rat spleen microsomal HO activity. The results from the
aortic ring sprouting assay demonstrate that high levels of HO inhibition, leading to very
low levels of CO being produced, in turn leads to decreased endothelial cell tube-like
formation. This effect may be the result of decreased VEGF signaling, which can be
affected by CO. Several studies have demonstrated that HO-1 has a role in
angiogenesis264,267,332,333. In these studies, the authors demonstrated that increased CO,
whether by increased HO-1 expression or with the use of carbon monoxide releasing
molecules (CORMs), resulted in an increase in VEGF production which in turn led to
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increased endothelial cell activity (proliferation, migration, formation of tube-like
structures and branching into Matrigel™)264. Overexpression of HO-1 has also been
shown to increase in vivo tumour growth and angiogenesis in a subcutaneous pancreatic
carcinoma mouse model267 and urothelial carcinoma333, effects that were attenuated
with SnMP and ZnPP treatment, respectively.
Results from the in vivo study testing QC-15, QC-308, and QC-310 indicated that
HO inhibition, using QC-15 and QC-308, had no effect on primary AC2M2 tumour growth
or metastatic burden when compared to control animals. While this was the predicted
outcome for the inactive HO inhibitor QC-310, it had been hypothesized that QC-15
would decrease primary tumour growth and metastatic burden, as seen in Chapter 2,
while QC-308 would further exacerbate these effects of HO inhibition. It was noted,
however, that the average number of metastatic lung lesions in the control animals
(two) was much lower than anticipated (five to eight nodules). The resulting metastatic
lesions in the control animals were too low, on average, to determine whether HO
inhibition had any effect on metastatic growth; thus we cannot make any conclusions
regarding the use of our azole-based HO inhibitors. According to previous work, it was
expected that control animals would develop an average of 5-10 nodules on their
lungs304,330. In Chapter 2, we reported an average of eight lesions per lung. It was
hypothesized that, while the mice used in each study had the same mutation to the
Fox1n gene, which affects the development of the thymus and results in a depressed
immune system, they originated from different animal supply companies and that there
may have been some genetic drift over the years.
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Due to the inability to determine the effects of HO inhibition on metastatic
burden in this study, it was determined that identifying the correct mouse model from
one of the two animal supply companies was of utmost importance. If a difference in
immunocompromised mouse strains from two different animal supply companies does
exist, the mice with the best response, as seen in Chapter 2 with an increased
metastatic burden in control animals, would be selected to validate the results from the
two in vivo studies already discussed.
The positive results with regards to the AC2M2 cell viability assay and the aortic
ring sprouting assay demonstrate that these QC-compounds may still be valuable tools
used to identify the role of HO in breast cancer growth and progression. Their use in vivo
requires further investigation, but is promising, provided the best animal model is
found.
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Chapter 4 - Selecting the Best Immunocompromised Mouse
Strain for In Vivo AC2M2 Breast Cancer Studies

4.1 Introduction
Animal models are critical during the pre-clinical phase of testing new anticancer
therapies, with xenografts being necessary during the chemotherapeutic screening
program334. Preclinical testing is used to determine whether there are any unexpected
toxicities after drug administration and whether the drug is efficacious. Xenograft
models are useful in the development of targeted chemotherapy. Animal models are
used to determine the safety and efficacy of these drugs before administering them to
humans335. From the data collected, preliminary non-toxic dosing in humans and
resulting pharmacokinetics/pharmacodynamics can be studied. Xenograft studies of
human cancers implanted in immunodeficient mice are good at predicting the success
of Phase 2 clinical trials336,337.
Immunocompromised mice are used in cancer research to facilitate the
implantation of cancer cells, which may be derived from a non-mouse source (e.g.
human). These mice are crucial when the source of the implanted cell is not of mouse
origin, common in the study of human disease (e.g. orthotopic implantation of the
human breast cancer cells MDA-MB-231) - the lack of a competent immune system is
necessary for these cells to survive and proliferate (as reviewed by Morton and
Houghton336). With an intact immune system, foreign cells would be found and
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destroyed - the cancer of interest would not propagate within the model. It is therefore
of utmost importance that the right animal model be chosen in order to understand the
underlying biology of the target/disease in question335.
Since 2009, our lab has been investigating the role of HO in the growth and
progression of breast cancer using the mouse breast cancer cell line AC2M2. The
increased presence of HO-1, the inducible isozyme, has been documented in many
different cancer types (e.g. lymphosarcoma, prostate cancer, renal cell carcinoma
etc.)54,242,244 and is believed to play a cytoprotective role42–52. Downregulation of HO-1
mRNA expression using siRNA and enzyme inhibition have been shown to decrease
primary tumour growth55,249,338 and increase tumour sensitivity to radio- and
chemotherapy55. Thus targeted inhibition of HO-1 is hypothesized to stop or slow the
progression of some cancers.
In a study performed in 2008 (Chapter 2), it was observed that, in the AC2M2
mouse breast cancer model, treatment with the HO-1 selective inhibitor, QC-15,
resulted in a decrease in primary tumour volume and a decrease in the number of
metastatic nodules in the lung. However, a study performed in 2012 (Chapter 3) using
the same cancer cell line and the same female athymic swiss nude mouse strain,
produced conflicting results: there was no effect on primary tumour growth and no
change in the number of lung metastases. The only difference between the two studies
was the animal supplier. It was hypothesized that perhaps over time, the two athymic
nude mouse lines, which have the same mutation and originated from the National
Institutes of Health (NIH), had diverged in some way, such that their phenotypic
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responses were different. It was further hypothesized that the mouse strain and level of
immunodeficiency selected for these breast cancer studies were not optimal. The
athymic mouse strain chosen for these studies has a mutation to the Foxn1 gene, which
encodes the forkhead box protein N1, a transcription factor involved in regulating genes
involved in cell growth, proliferation, differentiation and longevity (as reviewed by
Coffer and Burgering339). Mutations to this gene result in hairlessness and a
dysfunctional thymus gland, resulting in a compromised immune system, in both
humans and mice340. The thymus is the site of T-cell maturation; these cells are
important components of the immune system – they recognize major histocompatibility
complexes and foreign antigens. These athymic nude mice are unable to produce
mature T-cells and thus do not reject cells transplanted from other mice or species (e.g.
human cancer cells); they are commonly used in cancer research276,341. The athymic
mouse was originally selected for the in vivo AC2M2 cancer studies for the reasons
stated above; its lack of hair growth, which is a side-effect of the mutation, was also a
benefit during cancer cell implantation and primary tumour removal. Both the NU and
the NU/NU mouse strains contain the same mutation on the Foxnu gene resulting in
hairlessness and athymia, the absence of a functional thymus that results in a severely
compromised immune system. While both strains were obtained from the National
Institutes of Health (NIH), the Nu mouse was most recently acquired by Charles River in
2010.
Severe combined immunodeficiency (SCID) mice, lacking the ability to produce
functional B- and T-cells, are more immunocompromised than either the athymic nude
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Nu or the NU/NU mouse, which only lack the ability to produce T-cells. The SCID Hairless
Outbred (SHO) mouse is the result of mutations to the Prkdcscid (enzyme associated with
DNA repair) and the Hrhr (associated with hair growth) genes.
The first study outlined in this chapter compared the same mouse strain, with
the Foxn1 mutation, from two different animal supply companies. The second study
compared two athymic nude mouse strains, each of which has the Foxn1 mutation and
were obtained by the Charles River, Inc. at different times, and one SCID mouse strain.
The results obtained from the first study determined the company from which mice
were ordered to complete the second study. The observations made determined which
immunocompromised mouse strain to use for subsequent in vivo AC2M2 breast cancer
studies.

4.2 Materials and Methods
4.2.1 Materials and Reagents
See section 2.2.1 for details.
4.2.2 Animals
Mouse source study: Female Swiss Nude (NTac:NIHS--Foxn1<nu> and Crl:NUFoxn1<nu>-NU/NU) mice (4-6 weeks of age) were purchased from Taconic Farms Inc.
(Germantown, NY, USA) or Charles River Inc. (Montreal, QC, Canada), respectively.
Mouse strain study: Female Swiss Nude (Crl:NU-Foxn1<nu> - NU/NU and
Crl:NU(NCr)-Foxn1<nu>) and SHO (Crl:SHO-Prkdc<scid>Hr<hr>) mice (4-6 weeks of age)
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were generously provided by Charles River Inc. (Montreal, QC, Canada) through their
Animal Model Evaluation Program.
See section 2.2.2 for more detail.
4.2.3 Treatment Groups
Mouse source study: Mice from both animal provision companies were divided
into two treatment groups (n = 12): 100 µmol kg-1 QC-15 or saline (10 µl g-1 body weight)
by IP injection.
Mouse strain study: All mice (n = 6 per strain) received saline (10 µl g-1 body
weight) by IP injection.
4.2.4 Cell culture
AC2M2 cells were cultured as described in section 2.2.4.
4.2.5 In Vivo Tumour Model
The effects of QC-15 (100 µmol kg-1) or saline (10 µl g-1 body weight) on in vivo
primary AC2M2 tumour growth and metastasis development were determined
according to the methodology described in section 2.2.8. Drugs were administered on
days 1, 3, and 5 of a 7-day cycle for the duration of the study. Tumour volume was
assessed by measuring the greatest longitudinal diameter (length) and the greatest
transverse diameter (width) by external caliper (days 10-22). The modified ellipsoidal
formula311 was applied:
Tumour volume = ½ (length x width2)
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4.2.6 Preparation of Tissue Homogenate and Quantification of Protein Expression
Mouse spleen and brain tissue homogenate was prepared as described
previously (Section 2.2.10). The effects of QC-15 or saline treatment on the tumour
expression of HO-1 (SPA-895), HO-2 (SPA-897; Assay designs, Ann Arbor, MI, USA), and
β-actin (mouse igG1 isotype; Sigma Chemical Co.) were determined as previously
described in section 2.2.10.
4.2.7 Statistical Analysis
All statistical analyses were performed using Prism ® Version 6 (GraphPad
Software Inc., San Diego, CA, USA). All data are presented as mean ± standard error of
the mean (SEM). Unpaired Student’s t-tests (n = 2), one-way analysis of variance
(ANOVA) with Tukey’s post hoc test or two-way ANOVA with Bonferroni post-hoc test (n
> 2) were performed where appropriate. P-values ≤ 0.05 were considered to be
statistically significant.
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4.3 Results
4.3.1 Source of Mice had No Effect on Primary AC2M2 Tumour Growth
The success rate for the development of primary tumours after implantation was
100% (24/24) for the Taconic Farms mice and 96% (23/24) for the Charles River mice.
Primary tumours were palpable 10 days after orthotopic AC2M2 mouse breast cancer
cell implantation. Tumour growth was rapid (Figure 4.1) and significant gains in primary
tumour volume, as measured by calipers, were apparent by day 17 (Taconic-saline, p <
0.01; Taconic-QC-15, p < 0.05; Charles River-saline, p < 0.05) or 19 (Charles River-QC-15,
p < 0.01). There was no difference in primary tumour size between either animal supply
companies or treatment groups at the time of excision on Day 22.

Figure 4.1 Source of female Swiss nude mice had no impact on orthotopic AC2M2 primary tumours.
Mice came from either Taconic Farms Inc. (squares) or Charles River Inc. (circles) and were treated
with either 10 µl g-1 body weight saline (closed) or 100 µmol kg-1 QC-15 (open), a heme oxygenase-1
inhibitor. There was no significant difference between the rate of tumour growth (data not shown) or
in the final tumour volume between animal supply companies or between treatment groups. Data are
displayed as mean ± SEM.
Mice were treated on days 1, 3, and 5 of a 7-day cycle and tumours were measured by external
calipers; tumour volume was determined using the ellipsoid formula:
tumour volume = ½(length x width)2
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4.3.2 QC-15 Treatment Did Not Affect Primary AC2M2 Tumour Growth
Treatment with QC-15, a HO-1 selective inhibitor, had no effect on primary
tumour growth, compared to saline-treated controls, in either group of mice from
Taconic Farms Inc. or Charles River Inc.
4.3.3 Charles River Inc. Mice Showed an Increase in Metastatic Lesions
All lungs were examined by biophotonic imaging. EGFP-labeled AC2M2 cells that
had migrated to the lungs appeared as light areas in contrast to the dark sections of
tissue. AC2M2 cells were located on 100% of lungs from both animal supply companies.
Two lungs from Taconic Farms and 1 set of lungs from Charles River exhibited indistinct
AC2M2 distribution with all lobes emitting light. All other lungs displayed distinct
metastatic nodules that were easily counted (Figure 4.2A).

Figure 4.2 QC-15 treatment resulted in fewer lung metastases in Charles River mice, but not in
Taconic Farms mice. Ten days after primary tumour removal, mice were euthanized, lungs were
removed and photon flux was measured using a Hamamatsu ORCAII ER cooled camera.
(A) Biophotonic images of lungs displaying indistinct EGFP-AC2M2 infiltration (left) and distinct
metastatic nodules (right). (B) Mice from Charles River Inc. displayed a higher number of
metastases than mice from Taconic Farms (+p < 0.05). In the mice from Charles River, a significantly
smaller number of nodules was observed in QC-15 treated animals (*p < 0.05). Mice received either
saline (10 µl g-1 body weight) or QC-15 (100 µmol kg-1) by IP injection on days 1, 3, and 5 of a 7-day
cycle. Data are displayed as mean ± SEM (n = 10).
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The lungs from Charles River mice had significantly more metastatic lesions in
the saline treated group than observed on the lungs from Taconic Farms mice (Figure
4.2B). QC-15 treated animals displayed no differences in the number of metastatic
nodules.
4.3.4 QC-15 Treatment Resulted in Fewer Metastatic Lesions in Charles River Mice
In both treatment groups, saline-treated and QC-15 treated mice, there were no
differences in the number of metastatic nodules in the mice from Taconic Farms;
however, there was a difference between treatment groups in the mice from Charles
River: QC-15 treated mice had significantly fewer metastatic lesions (p < 0.05) than the
saline-treated controls (Figure 4.2B).
4.3.5 SHO Mice Developed the Largest Primary Tumours
Tumour take was 100%, with all mice displaying palpable tumours on Day 10.
Tumour growth was rapid with significant growth, compared to the first measurement,
appearing on day 15 (SHO, p < 0.05) or 17 (NU, p < 0.01; NU/NU, p < 0.01) and all days
thereafter (p < 0.001). Primary tumour volumes in SHO mice were significantly greater
than those in both NU and NU/NU mice on day 20 (p < 0.05) and NU/NU mice on day 22
(p < 0.001; Figure 4.3). There was no difference in the rate of growth (inset Figure 4.3).
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Figure 4.3 AC2M2 primary tumour growth in 3 immunocompromised mouse strains: (○) SHO, (□) NU, and (∆)
NU/NU. The tumour volumes of SHO mice were significantly greater, on day 20, compared to both NU and
NU/NU tumours (*p < 0.05), and on day 22, compared to NU/NU tumours (+p < 0.001). The fold change in
tumour growth was determined by normalizing tumour volumes with the first average measurement taken
on day 10. Mice were treated with saline (10 µl g-1 body weight) by IP injection on days 1, 3, and 5 of a 7-day
cycle and tumours were measured by external calipers; tumour volume was determined using the ellipsoid
formula: tumour volume = ½(length x width2).
Inset: Rate of growth of orthotopic AC2M2 breast tumours. There was no significant difference in the slopes
of the growth curves between strains (Day 12-22).
All data are displayed as mean ± SEM (n = 6).
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4.3.6 NU/NU Mice had a Higher Metastatic Burden than SHO Mice
All lungs examined by biophotonic imaging exhibited GFP-labeling, indicating
that AC2M2 cancer cells had migrated to the lungs. Metastatic lesions were identified in
all lungs, with most lobes being involved. In all mouse strains, evidence of widespread
GFP-labeled AC2M2 cell infiltration was observed, with some lungs displaying complete
luminescent coverage In these cases, each lobe was counted as being one metastatic
lesion, unless more distinct and bright areas could be discerned. There were some lungs
that displayed distinct metastatic nodules, which occupied a lower total lung area (as
seen in Figure 4.2A). Overall, NU/NU mice had a larger number of metastatic lesions
compared to SHO mice (p < 0.01) and NU mice (p < 0.05) (Figure 4.4).

Figure 4.4 NU/NU mice had the most lung nodules of the three immunocompromised mouse strains
tested. Ten days after primary tumour removal, mice were euthanized, lungs were removed and photon
flux was measured using a Hamamatsu ORCAII ER cooled camera. NU/NU mice from Charles River Inc.
displayed the most metastases compared to SHO mice (*p < 0.05). All mice received saline (10 µl g-1
body weight) by IP injection on days 1, 3, and 5 of a 7-day cycle. Data are displayed as mean ± SEM (n =
4-6).
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4.3.7 HO profile of three immunocompromised mouse strains
Of the three immunodeficient mouse strains examined, the SHO mice had
significantly lower expression levels of HO-1 and NU/NU mice had significantly higher
expression levels (Figure 4.5A). There was no difference in HO-2 expression levels
between the three immunocompromised mouse strains tested (Figure 4.5B).

Figure 4.5 The spleens of NU/NU mice have significantly more HO-1 protein than the spleens of either
SHO or NU mice. (A) HO-1 protein expression in the spleens and (B) HO-2 protein expression in the
brain, were determined in tissues from three immunocompromised mouse strains from Charles River
Inc. Tissue homogenates were prepared and subjected to SDS-PAGE and Western blotting for HO-1
and HO-2. Data are normalized to NU/NU protein levels.
**p < 0.01 vs. SHO and NU/NU; ***p < 0.001 vs. NU/NU.
Data are displayed as mean ± SEM (n = 6).
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4.3.8 SHO Mice Saw an Increase in Tumour Regrowth After Initial Resection
Of the three immunocompromised mouse strains tested, the SHO strain
experienced an aggressive return of AC2M2 tumours at the site of implantation after
the primary tumour was resected on day 22. The tumours that returned grew quickly
and these mice were euthanized before the official end of the study on day 38. The SHO
mice had significantly worse survival outcomes than NU mice (Figure 4.6).

Figure 4.6 Fewer SHO mice survived to the study end-date. Significantly more SHO mice had to be
euthanized prior to the planned study end-date than NU mice (p < 0.05), as illustrated in the survival
curves for the three immunocompromised mouse strains (n = 6). The NU/NU mice experienced the loss
of one mouse due to surgical complications and not to a recurrence of the AC2M2 tumour.
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4.4 Discussion
4.4.1 There Was No Effect of Mouse Supply Company on AC2M2 Primary Tumour
Volume
The decision to test genetically similar immunocompromised mouse strains from
two different animal supply companies arose when the results of an orthotopic mouse
breast cancer study performed in 2012 (Chapter 3) were different from the results of
the similar study performed in 2008 (Chapter 2) with the same mouse strain but a
different supplier. Upon review it was discovered that the mice from the 2012 study,
from Charles River Inc., displayed fewer metastatic lung nodules in the control (saline)
treated animals than had previously been reported in the literature304,330 and were
observed in the 2008 study. It was expected that 5-10 metastatic lesions per lung would
be observed, using biophotonic imaging, in the saline-treated mice. Approximately 8
lesions per lung were present in the Chapter 2 study (Figure 2.8) and there was only an
average of 2 nodules per lung in the Chapter 3 study (Figure 3.6).
It was suggested that, while the mice had originated from the same place (NIH),
over time genetic drift between the supply companies could explain the differences in
results. Not only did the study presented in Chapter 2 reveal decreases in primary
tumour volume with QC-15 treatment, but also showed a decrease in the number of
metastatic lesions. These observations were interpreted to indicate that HO plays an
important role in the proliferation and progression of breast cancer. Thus HO inhibition,
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as evidenced by treatment with QC-15, a novel small molecule azole-based HO inhibitor,
might be exploited in the treatment of some cancers.
The two athymic mouse strains from Taconic Farms Inc. and Charles River Inc.
did differ phenotypically. Both were nude mouse strains; however, the mice from
Taconic Farms had more facial and body hair and the temperament of the mice from
Charles River was more docile (observations only; Figure 4.7). These two athymic nude
mouse strains have the same mutation to the Foxn1 gene, accounting for their deficient
T-cell production and use in cancer research. The differences in temperament and
distribution of hair are signs of genetic drift; the two separate colonies may have
involuntarily accumulated multiple mutations with small phenotypic, but additive,
effects (as reviewed by Casellas342). These subtle effects of genetic divergence may
account for the different results between the mice obtained from Charles River Inc. and
Taconic Farms in this chapter and the discrepant results from Chapters 2 and 3.

Figure 4.7 Female athymic nude mice from Taconic Farms Inc. and Charles River Inc. Mice from both
companies originated at the NIH and had mutations to the Foxn1 gene.
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4.4.2 Treatment with QC-15 Resulted in a Decrease in the Number of Metastases in
the Mice from Charles River
Based on previous work performed with mice from Taconic Farms (Chapter 2
and Mak et al.330), it was expected that there would be approximately 8-10 metastatic
lesions per lung of these control animals; however, metastatic rates were low, only ~2
nodules were observed per lung (p < 0.05). This was consistent regardless of treatment
(saline vs. QC-15; Figure 4.2B). More favourable results were seen in the mice from
Charles River; the mean number of metastatic nodules was 4.5 per lung in the salinetreated mice (no significant difference compared to 2009 data). QC-15 treated Charles
River, Inc. mice saw a significant decrease in the number of lesions, which was expected
based on the results from the Chapter 2 study. It was concluded that the mice from
Taconic Farms in the original 2008 study and this study, performed in 2012, had drifted
genetically, such that they now responded differently to the same AC2M2 mouse breast
cancer cell line and exposure to QC-15, a HO-1 inhibitor. Genetic drift, with some
noticeable changes in phenotype and behaviour, could also explain the discrepancies
witnessed between the same mouse strains from the two different animal supply
companies. Based on these results, it was decided that mice from Charles River Inc.
would be used for subsequent work.
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4.4.3 NU/NU Mice from Charles River are the Best Mouse Strain for Orthotopic AC2M2
Breast Cancer Studies
Upon review of the data of the mouse supply study, it was hypothesized that the
athymic NU/NU mouse might not be the best mouse for the AC2M2 mouse breast
cancer study. Charles River Inc. graciously provided mice (n = 6) from three different
immunocompromised strains: SHO, NU, and NU/NU in accordance with their Animal
Model Evaluation Program. All mice were implanted with AC2M2 mouse breast cancer
cells and were treated with IP saline.
There were no significant differences in primary tumour volume at the time of
tumour excision; however, three SHO mice had to be euthanized before the study enddate due to significant primary tumour regrowth. A fourth mouse had also reached its
humane end-point by Day 38 due to tumour regrowth (Figure 4.6). Based on these
results, the SHO mouse strain was deemed to be not suitable for the purposes of the
AC2M2 cancer model. This cancer variant is very aggressive, with rapid primary tumour
growth and metastasis development occurring within five weeks of implantation. The
SHO mice, with their inability to produce mature T- and B-cells, implanted with AC2M2
cells, were not able to see the study to its designed end-point in the majority of cases.
Moreover, there was a difference in the quality and overall burden of metastatic
lesions between the most immunocompromised SHO mice and the T-cell deficient
NU/NU mice. SHO mouse lungs were more likely to be infiltrated with EGFP-labeled
AC2M2 cells, resulting in luminescence that was diffused throughout the entire lung, but
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had fewer distinct metastatic nodules. These results correlate with the observation that
the combination of B- and T-cell deficiency attenuated the progression of pre-malignant
skin into cancerous tissue, which was reversed with the administration of B cells from
wild-type mice343. The apparent tumour-promoting effect of B cells344,345 further
correlates with the results obtained indicating that the NU/NU mice, which have
functional B cells, developed distinct metastatic nodules. Therefore, it appears that the
presence of B cells increases the likelihood of AC2M2 lung malignancy.
4.4.4 The Mouse Strains Display Different HO-1/HO-2 Profiles
Of the three mouse strains studied, NU/NU mice had the most HO-1 and SHO
mice had the least HO-1 protein expression in the spleen. It may be postulated that the
deficiency in HO-1 protein in the SHO mice correlates to the lack of functional
lymphocytes, which is recovered upon the introduction of B-cells, as seen in the
increase in HO-1 protein in the NU/NU mice. The presence of HO-2 in the brain of all
three immunocompromised mice, which demonstrated equal protein amounts,
correlates with the observations made in the first known human case of HO-1
deficiency, where HO-2 was unaffected by the change in HO-1 protein346. Similar levels
of HO-2 protein has also been demonstrated in wild-type mice compared to HO-1
knockout mice299, further demonstrating its constitutive nature.
4.4.5 Conclusions
Based on the observation that NU/NU mice from Charles River Inc. had more
distinct metastatic lesions, significantly more nodules per lung, and significantly more
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HO-1 protein expression, it was concluded that of the three immunocompromised
mouse strains tested, the NU/NU mouse strain was the best immunocompromised
mouse model for subsequent orthotopic AC2M2 mouse breast cancer studies.
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Chapter 5 - In Vivo Effects of HO-1 Inhibition on AC2M2 Mouse
Breast Cancer Growth and Progression in NU/NU Mice

5.1 Introduction
The results from the studies conducted in 2009, which tested the HO inhibitor
QC-15 (Chapter 2), and in 2012, which tested QC-15, QC-308 and the inactive QC-310
(Chapter 3), for the effects of HO inhibition on AC2M2 mouse primary tumour growth
and metastasis did not agree. The 2009 study demonstrated that QC-15 treatment
reduced primary tumour growth and the number of metastatic nodules on the lungs.
The 2012 study showed no difference between QC-15, Q-308 (a more potent HO-1
inhibitor than QC-15), and saline control treated mice, with respect to primary tumour
growth and metastatic burden. The mice purchased for the two studies were nominally
identical but from different animal supply companies. Due to the low number of
metastatic nodules developed in the 2012 study, it was hypothesized that perhaps the
mice from two sources had experienced enough genetic drift, such that they no longer
responded to AC2M2 cancer cell implantation the same way.
This hypothesis was tested in Chapter 4, wherein mice from both Charles River
Inc. and Taconic Farms were implanted with AC2M2 cells and were treated with either
saline or QC-15. From that study, it was determined that mice from Charles River Inc.
provided the best response: an increased number of lung metastases and a decrease in
nodules with QC-15 treatment. Through their Animal Model Evaluation Program, three
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immunocompromised mouse strains were tested for their responses to AC2M2 cancer
cell implantation. From the observations obtained, it was determined that, of the three
immunocompromised mouse strains tested, the NU/NU mouse strain was the best
mouse model for examining the effects of HO inhibition on AC2M2 primary tumour
growth and metastatic development.
The following experiments re-test the hypothesis that the more potent azolebased HO inhibitor (QC-308) will result in more drastic decrease in AC2M2 cancer
growth and progression, in vivo, than QC-15. A third compound (QC-310), which is
inactive towards HO inhibition, was also examined to test the hypothesis that the results
from Chapter 2 were in fact due to HO inhibition and not some off target action.

5.2 Materials and Methods
5.2.1 Materials and Reagents
See section 2.2.1 for details.
5.2.2 Animals
Female Swiss Nude (Crl:NU-Foxn1<nu>-NU/NU) mice (4-6 weeks of age) were
purchased from Charles River Inc. (Montreal, QC, Canada). These mice were chosen as
determined in chapter 4.
See section 2.2.2 for more detail.
5.2.3 Cell Culture
AC2M2 cells were cultured as described in section 2.2.4.
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5.2.4 In Vivo Tumour Model
The effects of QC-15, QC-308, and QC-310 on in vivo primary AC2M2 tumour
growth and metastasis development were determined according to the methodology
described in section 2.2.8 and 3.2.9. Mice received 100 µmol kg-1 QC-XX or 10 µl g-1 body
weight of a 0.1% NMP/saline control solution by IP injection administered on days 1, 3,
and 5 of a 7-day cycle for the duration of the study. Tumour volume was assessed by
measuring the greatest longitudinal diameter (length) and the greatest transverse
diameter (width) by external caliper (days 10-22). The modified ellipsoidal formula311
was applied:
Tumour volume = ½ (length x width2)
5.2.5 Preparation of Tissue Microsomes
Mouse spleen, brain, and AC2M2 primary tumour microsomal fractions were
prepared as described previously (Section 3.2.3).
5.2.6 Heme Oxygenase Activity Assay
The effects of QC-15, QC-308, and QC-310 on the HO activity of mouse spleen
(HO-1), brain (HO-2) and AC2M2 primary tumour (HO-1 and HO-2) microsomal fractions
were determined by quantifying CO production as described in section 3.2.4. Mouse
tissue microsomes were incubated for 20 minutes after the addition of NADPH to start
the reaction; AC2M2 tumour microsomes were incubated for 30 minutes, as determined
by prior assay optimization.

112

5.2.7 Statistical Analysis
All statistical analyses were performed using Prism ® Version 6 (GraphPad
Software Inc., San Diego, CA, USA). All data are presented as mean ± standard error of
the mean (SEM). Unpaired Student’s t-tests (treatments = 2), one-way analysis of
variance (ANOVA) with Tukey’s or Dunnett’s post hoc test or two-way ANOVA with
Bonferroni post-hoc test (treatments > 2) were performed where appropriate. P-values
≤ 0.05 were considered to be statistically significant.
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5.3 Results
5.3.1 QC-compound Treatment Did Not Attenuate AC2M2 Tumour Growth or
Progression
There was no effect of our QC-compounds on primary tumour growth (Figure
5.1). Primary tumours increased in size over the course of the study, with the largest
tumours having a volume of approximately 750 mm3 by the end. The inset in Figure 5.1
displays rate of tumour growth, as determined by the slope of the growth curves
between days 12-20. There was no difference in the final primary tumour volume in any
QC-XX treated group compared to vehicle control tumours.
There was no significant difference in the number of metastatic lesions on the
lungs of mice in any treatment group (Figure 5.2A). However, there was a significant
difference (p < 0.05) in the number of metastatic lesions between the control group in
Chapter 3 and this control group. In Chapter 3, 6 out of 9 mouse lungs had metastatic
lesions, with the average being 2 nodules per lung; in this study, 5 out of 7 control lungs
had metastatic lesions, with the average being 5 nodules per lung (Figure 5.2B). There
was no effect of QC-XX treatment on the overall health of the mice in each treatment
group, as determined by mouse weight (data not shown).
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Figure 5.1 QC-XX had no effect on AC2M2 primary tumour volume or rate of growth. Tumour volume
was measured using external calipers (day 10–22). The fold change in tumour volume was
determined by normalizing tumour volumes with the first average measurement taken on day 10.
Mice received either 100 µmol kg-1 QC-XX (15, 308, or 310) or 10 µl g-1 body weight 0.1% NMP/saline
control solution on days 1, 3, and 5 of a 7-day cycle for the duration of the study. Inset: Slope of the
rate of primary tumour growth. Data are presented as mean ± SEM (n = 10).
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Figure 5.2 There was no effect of QC-XX treatment on the number of metastases in the lungs of NU/NU
mice. Lungs were harvested 10 days after primary tumour removal and photon flux of EGFP-labelled
AC2M2 metastases was measured using a Hamamatsu ORCAII ER cooled camera. (A) There was no
difference in the number of mice that developed lung metastases between QC-XX treatments compared
to controls in those mice that developed lung nodules; (B) there were significantly more metastatic
lesions in those control mice that developed lung nodules in this study compared to the average number
of lesions in the control mice in the 2012 study (*p < 0.05; Chapter 3). Mice received either 100 µmol kg-1
QC-XX (15, 308, or 310) or 10 µl g-1 body weight 0.1% NMP/saline control solution on days 1, 3, and 5 of a
7-day cycle for the duration of the study. All data are presented as mean ± SEM (n = 5-7).
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5.3.2 QC-15 and QC-308 Have Little Effect on HO Activity
QC-15 produced little inhibition in mouse spleen (HO-1) and brain (HO-2)
microsomes, with maximal inhibition of 48% and 30%, respectively (Figure 5.3A). The
effect of QC-15 on AC2M2 tumour microsomes was minimal (33%; Figure 5.3D). QC-308
was a more potent HO inhibitor, with IC50 values of 0.68 µM for HO-1 and 1.52 µM for
HO-2 activity (Figure 5.3B). There was some AC2M2 microsomal HO inhibition with QC308 (Figure 5.3E), but not enough to produce an IC50 value. QC-310 produced very little
inhibition for either HO-1, HO-2 (Figure 5.3C), or AC2M2 HO (Figure 5.3F). The IC50
values of all three QC-XX, for their effects on mouse spleen, brain, and AC2M2 HO
activity, are presented in Table 5.1. Included are the percent maximal inhibition values,
where control (0 µM) is equivalent to 100% activity.

Table 5.1 IC50 values (µM) for the effects of QC-15, QC-308, or QC-310 on mouse spleen, brain, and
AC2M2 primary tumour microsomal CO production. The percent maximal inhibitory effect was calculated
by subtracting the percent control activity at 100 µM from control (0 µM).
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Figure 5.3 The effects of QC-XX on mouse HO activity were tested.. Mouse spleen, brain, and AC2M2
primary tumours were harvested from control mice. Increasing concentrations (0-100 µM) of QC-15, QC308, or QC-310 were incubated with (A-C) mouse spleen (●), brain (▲), and (D-E) AC2M2 primary
tumour (■) microsomes. NADPH solution was added to each vial to start the reaction, which occurred
for either 20 min (spleen/brain) or 30 min (AC2M2) at 37°C. Reactions were terminated by freezing the
samples on crushed dry ice. CO formation was measured as corrected peak area by gas chromatography
using a TA 3000R Process Gas Analyzer (Trace Analytical/Ametek). The amount of CO formation was
determined by interpolation on a CO standard curve. The data are presented as the mean percent
control activity (0 µM inhibitor) ± SD (n ≥ 3).

118

5.4 Discussion
The studies conducted in this chapter re-tested the hypothesis that a more
potent HO-1 inhibitor (QC-308) would result in further decreases in primary AC2M2
mouse breast tumour growth and cancer progression compared to the less potent HO-1
inhibitor (QC-15) and control. This study was conducted in the NU/NU mouse strain
from Charles River Inc., which was determined to be the most appropriate strain of the
three immunocompromised mouse strains tested (Chapter 4). The major observations
made herein were that HO inhibition using either the HO-1 selective, QC-15, or the nonselective, QC-308, does not attenuate the rate of AC2M2 primary tumour growth, the
final primary tumour volume (Figure 5.1), nor do these compounds have an effect on
the incidence and number of lung metastatic lesions (Figure 5.2) when compared to the
saline-treated controls and the inactive QC-15 analog, QC-310.
The observation that HO inhibition did not result in anti-tumour effect as
described in Chapter 2 is difficult to rationalize. Nevertheless it is quite possible that
one of the data sets does not represent the true effect of HO inhibition. The p-value
used in both studies was 0.05; thus, there is a definite possibility of observing the
“incorrect” finding. Other confounding effects include the change in animal supplier
and the change in exact mouse strain used. While these factors were addressed in
Chapter 4, the overall low number of lung metastases in the control group makes it
more challenging to detect decreases due to drug effect; it is possible that this model of
breast cancer is not powerful enough to assess effects due to HO inhibition.
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Considering the data observed, it can be concluded that of the mouse strains
tested, the appropriate animal model for the study of AC2M2 cancer growth and
progression was selected. Furthermore, the control animals in this most recent study
developed a number of metastatic lesions that fell within the expected range. It can
therefore be concluded that the results from this study are valid and that QC-15 and
QC-308 based HO inhibitors are not useful in the study of AC2M2 cancer in vivo.
Another possible explanation for the lack of effect of QC-15 treatment on AC2M2 cancer
growth and progression in this study, when compared to that conducted in Chapter 2, is
the apparent decrease in selectivity for HO-1. To date, azole-based small molecule HO
compounds have been characterized using HO inhibition data generated using rat
spleen (HO-1) and brain (HO-2). The inability to reproduce Chapter 2 study and the
inconsistent IC50 data for QC-15 effect on rat spleen HO-1 illustrate that perhaps the
drugs we are using at present are not effective in mouse tissue or AC2M2 mouse cancer
cells/tumours. When the three drugs used in the in vivo studies were examined for their
effects on mouse and AC2M2 tumour microsomal HO activity, the results were
surprising.
QC-15 and QC-308 were both reported as being active rat HO-1 inhibitors, with
reported spleen microsomal IC50 values of 2 µM and 0.3µM, respectively (data not
shown). Both compounds were less active mouse spleen HO inhibitors, with QC-15
producing no calculable IC50 value and 41% inhibition at 100 µM and QC-308 producing
an IC50 value of 0.68 µM and 62% inhibition at 100 µM (Figure 5.3A-B; Table 5.1). In
addition to their minimal effect on HO activity in mouse tissues, both compounds were
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poor inhibitors of AC2M2 tumour microsomal HO activity (Figure 5.3D-E). This loss in
inhibitory effect led to the suggestion that these drugs are not ideal candidates for use
in future mouse studies, particularly if examining the effects in a mouse cancer cell line.
It is therefore prudent to test candidate compounds in the species of interest
rather than relying on old data using rat spleen (HO-1) and rat brain (HO-2).The
assumption made was that these azole-based compounds would have similar effects in
the rat and the mouse, due to their high degree of genetic homology between
HO’s7,11,28. More importantly, the binding pocket, which is the site of action for these
compounds213–215, known as the “HO signature” (GenBank™) is highly conserved
between species; in fact, the only difference in sequence occurs between HO-1 and HO27,28. However, the data presented indicate that the effect of these compounds should
be evaluated in the tissue of interest, in this case AC2M2 tumours. More work is
required to characterize the compounds for their effects on rat and mouse HO activities.
Future studies examining the effects of HO inhibition on AC2M2 tumour growth and
progression, in vivo, will be required to screen potential candidate QC-compounds for
their effects on mouse spleen, brain, and AC2M2 microsomes from which a couple of
compounds will be chosen for in vivo testing.
The use of small molecule azole-based HO inhibitors may still be a useful tool in
identifying the role of HO in breast cancer growth and progression. It has been
demonstrated that some of the QC-compounds are cytotoxic, in a concentrationdependent manner, to cancer cells (Figure 2.3 and Figure 3.2), and they can decrease
endothelial cell tube-like sprouting in an in vitro assay of angiogenesis (Figure 2.2 and
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Figure 3.4). While the in vivo results from Chapter 2, with regards to QC-15, (Figure 2.4
and Figure 2.8) have not been reproduced (Figure 3.5, and Figure 5.2), it cannot be
concluded that AC2M2 tumour growth and progression continue unabated despite
treatment with HO inhibitors. It is now known that the QC-compounds selected were
likely not the appropriate candidate drugs, due to the diminished effect on mouse
microsomal HO activity – these compounds were chosen for their excellent inhibitory
effects on rat microsomal HO activity. In light of this new information, it has been
postulated that compounds that inhibit AC2M2 HO and mouse HO, specifically, will
decrease primary tumour growth and cancer progression in vivo. Targeted HO inhibition
continues to have potential as an anticancer therapeutic in some types of cancer.
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Chapter 6 - The Effect of HO Enzyme Activity Modulators on
AC2M2 Mouse Breast Cancer Growth and Progression

6.1 Introduction
The role of HO enzyme activity modulation has yet to be fully understood in the
growth and progression of AC2M2 mouse breast cancer in vitro and in vivo. In Chapter 2
it was observed that the use of the selective HO-1 azole-based inhibitor, QC-15, resulted
in a decrease in the rate of primary tumour growth, primary tumour size, and the
severity of metastatic burden, when compared to controls. This led to the hypothesis
that the use of the more potent HO azole-based inhibitor, QC-308, would result in
further decreases in the rate of primary tumour growth, primary tumour size, and
metastatic burden. Unfortunately, as seen in Chapters 3 and 5, the use of the azolebased HO inhibitors QC-15 and QC-308 had no effect on AC2M2 breast cancer growth
and progression in vivo. However, it was observed in Chapter 3, that QC-308 treatment
resulted in a decrease in angiogenic response, as illustrated by a decrease in the
outgrowth of endothelial cell tube-like projections out of the Matrigel™-embedded
aortic ring segments. This compound led to a 90% inhibition of rat spleen HO-1 activity
and a decrease in CO production. Increased HO activity or the use of carbon monoxide
releasing molecules (CORMs) is correlated with increased endothelial cell proliferation
and the formation of tube-like branching264. Furthermore, overexpression of HO-1 in
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pancreatic cancer cells and urothelial bladder cancer cells resulted in increased growth
and angiogenesis, in vivo, which were attenuated upon metalloporphyrin
treatment267,333. The results observed with QC-308 mediated HO inhibition and a
decrease in angiogenic response in vitro correlate with these in vivo studies.
While there was no evidence that azole-based HO-1 selective inhibition has an
effect on the rate of AC2M2 primary tumour growth, the final tumour volume, or
metastatic burden, it was observed in Chapter 5, that the compounds used in Chapters
3-5 have significantly less effect on AC2M2 primary tumour microsomal HO activity
compared to that seen previously in rat tissue microsomes. It was concluded that the
data obtained using rat spleen and brain, while informative, are not appropriate for use
in selecting those compounds to be used on AC2M2 cancer cells in mice. Thus, screening
compounds of interest in AC2M2 tumour microsomes for their effects on HO activity is
the first step in identifying azole-based HO inhibitors for use in vivo.
In this chapter, candidate compounds were screened quickly for their inhibitory
capabilities at two concentrations, 10 and 100 µM, then full concentration-response
profiles were determined for those compounds which produced the most inhibition. Of
the compounds examined, two HO inhibitors (one azole-based and one
metalloporphyrin-based) and one HO enzyme activator were chosen for further study in
our in vitro and in vivo models of AC2M2 cancer growth and progression. It was
hypothesized that the HO inhibitors would decrease cancer growth and progression,
while HO enzyme activation would increase cancer growth and progression.
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6.2 Materials and Methods
6.2.1 Materials and Reagents
See section 2.2.1 for details.
QC-196 (1-imidazol-1-yl-4-(4-methylphenyl)butanone hydrochloride) was
synthesized and then characterized by elemental analysis, mass spectrometry, and NMR
as described previously221. Zinc deuteroporphyrin IX 2,4-bis ethylene glycol (ZnDP; 8,13Bis(1,2 dihydroxyethyl)-3,7,12,17-tetramethyl-2H,23H-porphine-2,18-dipropionic acid
zinc [II]) was purchased from Frontier Scientific, Inc. (Logan, UT, U.S.A). Menadione
sodium bisulfite was purchased from Sigma-Aldrich (St. Louis, MO, U.S.A.). All drug
solutions were prepared fresh on treatment days. Drug solutions were made up as
described in Section 2.2.3. Stock solutions of ZnDP, prepared under subdued light
conditions, were made in ethanolamine (1.6 M) such that the final ethanolamine
concentration was 0.5% (v v-1). The volume was adjusted by the addition of 0.9% saline
(in vivo experiments) or 100 mM phosphate buffer (pH 7.4).
6.2.2 Animals
Female Swiss Nude (Crl:NU-Foxn1<nu>-NU/NU) mice (4-6 weeks of age) were
purchased from Charles River Inc. (Montreal, QC, Canada). These mice were chosen as
determined in chapter 4.
See section 2.2.2 for more detail.
6.2.3 Cell Culture
AC2M2 cells were cultured as described in section 2.2.4.
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6.2.4 Preparation of Tumour Microsomes
AC2M2 primary tumour microsomes were prepared as described previously
(section 3.2.3). Tumours from 4-6 mice were pooled such that their combined weights
were between 2.0-2.5 g.
6.2.5 Heme Oxygenase Activity Assay
A quick screening of a number of compounds was performed testing two
concentrations (10 and 100 µM) to identify which azole-based compound was the best
inhibitor of AC2M2 HO activity. From the information obtained, one non-selective azolebased compound was chosen for further study: QC-196. The effects of QC-196, ZnDP,
and menadione (0-100 µM) on the HO activity of AC2M2 primary tumour microsomal
fractions was determined by quantifying CO production as described in section 3.2.4.
AC2M2 tumour microsomes (1 mg ml-1), which were prepared from primary tumours
harvested and flash frozen resulting from previous in vivo control (saline-treated)
NU/NU mice as described in Section 3.2.3, were incubated for 30 minutes upon the
addition of NADPH.
6.2.6 In Vivo AC2M2 Tumour Model
The effects of QC-196, ZnDP, and menadione on in vivo primary AC2M2 tumour
growth and metastasis development were determined according to the methodology
described in section 2.2.8. Mice received 100 µmol kg-1 QC-96, 30 µmol kg-1 ZnDP, µmol
kg-1 menadione or 10 µl g-1 body weight saline solution by IP injection administered on
days 1, 3, and 5 of a 7-day cycle for the duration of the study. Tumour volume was
assessed by measuring the greatest longitudinal diameter (length) and the greatest
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transverse diameter (width) by external caliper (days 10-22). The modified ellipsoidal
formula311 was applied:
Tumour volume = ½ (length x width2)
6.2.7 Statistical Analysis
All statistical analyses were performed using Prism ® Version 6 (GraphPad
Software Inc., San Diego, CA, USA). All data are presented as mean ± standard deviation
(SD) or mean ± standard error of the mean (SEM). Unpaired Student’s t-test (treatments
= 2), one-way analysis of variance (ANOVA) with Tukey’s or Dunnett’s post hoc test or
two-way ANOVA with Bonferroni post-hoc test (treatments > 2) were performed where
appropriate. P-values ≤ 0.05 were considered to be statistically significant.
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6.3 Results
6.3.1 QC-196 was the Most Potent Azole-based HO-1 Inhibitor Tested in AC2M2
Microsomes
Three HO enzyme activity modulators were selected for further investigation:
two HO inhibitors (QC-196, ZnDP) and one HO activator (menadione), based on a quick
screening (10 and 100 µM) of a number of compounds (data not shown). Full
concentration-response curves of their effects on AC2M2 primary tumour microsomal
HO activity are shown in Figure 6.1. Of the two inhibitors, only ZnDP produced more
than 50% inhibition and had an IC50 value of 0.1 µM (Figure 6.1B). Menadione produced
a concentration-dependent increase in HO activity, with a 550% increase in CO
production at the highest concentration tested (Figure 6.1C).
6.3.2 The Effect of HO Activity Modulators on Cell Viability
Incubation of AC2M2 cells with the azole-based inhibitor QC-196 (1-200 µM) did
not result in a change in cell viability after 24 hours (Figure 6.2A). ZnDP treatment led to
a decrease in cell viability, as demonstrated by a decrease in formazan production and a
decrease in optical density at 540 nm, at concentrations above 25 µM (Figure 6.2B).
Very low concentrations (0.1-1 µM) of menadione resulted in an increase in cell
proliferation and viability, observed as an increase in formazan product and an increase
in optical density reading. Menadione became significantly toxic and a decrease in cell
viability was seen at low to high concentrations (>5 µM; Figure 6.2C).
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Figure 6.1 The three compounds chosen for further investigation based on the AC2M2 primary tumour
microsomal HO enzyme activity assay are: (A) QC-196, (B) ZnDP, and (C) menadione. Increasing
concentrations (0-100 µM) of HO activity modulator was incubated with AC2M2 primary tumour
microsomes, which were harvested from control mice. NADPH solution was added to each vial to start
the reaction, which occurred for 30 min at 37°C. Reactions were terminated by freezing the samples on
crushed dry ice. CO formation was measured as corrected peak area by gas chromatography using a TA
3000R Process Gas Analyzer (Trace Analytical/Ametek). The amount of CO formation was determined by
interpolation on a CO standard curve. The data are presented as percent control activity (0 µM), mean ±
SEM (n = 3).
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Figure 6.2 Menadione can both increase AC2M2 cell viability at very low concentrations and can be
cytotoxic at increasing concentrations. (A) None of the concentrations of QC-196 tested (0-200 μM) had
an effect on 24 hour AC2M2 cell viability; (B) concentrations greater than 25 µM ZnDP were cytotoxic
(*p < 0.05); (C) very low concentrations (0.1-1 µM) of menadione increased 24 hour AC2M2 cell viability
compared to control (0 µM; **p < 0.01). Concentrations greater than 10 µM resulted in a decrease in
AC2M2 cell viability (****p < 0.0001). AC2M2 cells (1.25x104) were seeded in wells and incubated with
Increasing concentrations of HO enzyme activity modulator for 24 hours. Cell viability was determined
by incubating the cells with medium containing MTT (5 mg/ml) for 1 hour, at which time the cells were
lysed with 2-propanol and the absorbance at 570 nm was measured using a BioTek Synergy HT
microplate reader (BioTek Instruments Inc.). Data are presented as a percent control (vehicle): mean ±
SEM (n = 4).
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6.3.3 Menadione Increased Tube Cell Formation in the Aortic Ring Sprouting Assay
AC2M2 mouse breast cancer cells (5 x 103) were seeded around the periphery of
wells containing Matrigel™-embedded rat aortic ring segments and incubated with nontoxic concentrations of the three HO enzyme activity modulators. Low concentrations
(1-2 µM) of menadione increased endothelial cell tube-like branching out of the aortic
ring segments and into the Matrigel™ at 72 and 96 hours (Figure 6.3A-B). Neither
QC-196 nor ZnDP had an effect on aortic ring sprouting at the concentrations tested by
96 hours (Figure 6.3C-D).
6.3.4 Menadione Treatment Resulted in an Increase in Primary Tumour Growth in One
Cohort of Mice
Two small experiments were conducted with 20 mice divided into four
treatment groups (n = 5) each. EGFP-labeled AC2M2 mouse breast cancer cells were
implanted (7.5 x 105) into mammary fat pad #4 on day 0. Primary tumour growth was
measured by calipers and plotted against time. Tumour volume was normalized, within
treatment groups, to the first average tumour volume measurement taken on Day 10.
When the two studies were combined, there was no difference in the rate of primary
tumour growth or in the final primary tumour volume for either the two HO inhibitors
(QC-196 and ZnDP) or the HO activator (menadione) compared to control (Figure 6.4A).
When the data from the two studies were analyzed separately, the first study,
performed February-March 2014, showed no treatment effect (Figure 6.4B); the second
study, performed March-April 2014, demonstrated a significant treatment effect in the
menadione treatment group (Figure 6.4C). In this treatment cohort, menadione resulted
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Figure 6.3 Low concentrations of menadione increased endothelial cell tube-like branching in the
aortic ring sprouting assay. Rat aortic rings were cultured in Matrigel™ bathed in media containing
vehicle control (saline) or HO enzyme activity modulator at concentrations previously determined to
not be cytotoxic to the AC2M2 cells. AC2M2 cells (5x103) were seeded along the periphery of 48-well
plates to facilitate AC2M2 cancer cell-driven endothelial cell tube-like sprouting. Aortic rings were
photographed after 48 hours, 72 hours, and 96 hours using a phase contrast microscope and
microvessel area was quantified using Image-Pro® 6.0 (Media Cybernetics). Low concentrations of
menadione increased endothelial cell tube-like sprouting at (A) 72 hours (*p < 0.05); this effect
persisted at (B) 96 hours (*p < 0.05). Neither (C) QC-196 nor (D) ZnDP treatment affected tube growth
at 96 hours. Drug concentrations were selected based on the results of the AC2M2 cell viability test
(Figure 6.2). The data are represented as % control (0 µM) mean ± SEM (n = 3).
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Figure 6.4 Menadione increased primary tumour growth in one treatment cohort. (A) Grouped together,
there was no apparent effect on HO activity modulation, inhibition or activation, on AC2M2 primary
tumour growth in vivo (n = 10). However, when broken down into treatment cohorts (n = 5), there was
(B) no difference in the rate of growth or in primary tumour volume in the first group of animals, but
there was (C) a treatment effect with menadione treatment in the second group of mice: in this cohort,
menadione produced significantly larger primary tumours (p < 0.001) that grew at a faster rate (inset;
**p < 0.01). The changes in primary tumour volume are represented as fold change, normalized to the
average first measurement in each treatment group on day 10, mean ± SD.
Inset: Slope of the rate of primary tumour growth between days 15-22. Data are presented as mean ±
SEM (n = 5).
Mice received either 100 µmol kg-1 QC-196, 30 µmol kg-1 ZnDP, 30 µmol kg-1 menadione, or 10 µl g-1
body weight saline control solution on days 1, 3, and 5 of a 7-day cycle for the duration of the study.
Tumour volume was measured using external calipers (day 10–22) and was calculated using the
formula: tumour volume (mm3) = 1/2(length x width2).
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in an increase in the rate of primary tumour growth, calculated as the slope of the
growth curve between days 15-22, and in the final primary tumour volume (p < 0.001),
measured on day 22 after tumour resection.
6.3.5 HO Enzyme Activity Modulation Had No Effect on the Development of Lung
Metastases
Neither HO enzyme inhibition, with QC-196 or ZnDP, nor HO enzyme activation,
with menadione, had an effect on the incidence of lung metastases (Figure 6.5A). Of
those mice that did develop nodules, there was no difference between treatment
groups in the average number of nodules detected using biophotonic imaging (Figure
6.5B-C). A low number of metastatic lesions was seen in the saline-treated mice:
metastases were found in only 50% of the animals, with an average of 2 nodules per
lung.
6.3.6 Menadione Increased HO-1 Protein in Primary Tumours
Menadione treatment resulted in a significant increase in HO-1 protein, when
compared to saline-treated animals, in the AC2M2 primary tumours (Figure 6.6A). The
other drugs tested had no effect on HO-1 protein expression and no treatment affected
HO-2 protein expression in the primary tumours.
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Figure 6.5 HO activity modulation had no effect on the incidence or average number of GFP-labeled
AC2M2 lung metastases. (A) The incidence of AC2M2 lung metastases is reported in the table. There
were no significant differences between treatment groups. (B) Examples of GFP-labeled AC2M2 lung
nodules: lungs were harvested on Day 35 and both sides were imaged in a Lightools Research photo
cabinet (Encinitas, CA, USA) equipped with an ORCAII ER cooled camera (Hamamatsu Co.) which
measures photon flux. (C) In those mice that had lung nodules, there was no significant difference in
the average number of metastases, presented as mean ± SD (n = 5-9).
Mice received either 100 µmol kg-1 QC-196, 30 µmol kg-1 ZnDP, 30 µmol kg-1 menadione, or 10 µl g-1
body weight saline control solution on days 1, 3, and 5 of a 7-day cycle for the duration of the study.
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Figure 6.6. Menadione increased HO-1 protein expression in the primary tumours. (A) HO-1 and (B) HO-2
protein expression in the primary tumours implanted into NU/NU mice. Tumour homogenates were
prepared and subjected to SDS-PAGE and Western blotting for HO-1 and HO-2. Data are normalized to the
protein levels found in the tumours of saline-treated mice. There was a significant increase in HO-1 protein
expression in tumours from 30 µmol kg-1 menadione treated compared to control (10 µl g-1 body weight
saline) treated mice (**p < 0.01).
Data are displayed as mean ± SD (n = 4).

6.4 Discussion
6.4.1 Two HO Inhibitors and One HO Activator Were Selected for Further Study
Based on the results obtained in Chapter 5, it was determined that the
compounds used to-date to study the role of HO in AC2M2 mouse breast cancer growth
and progression were not the best drugs suited to this experiment. These compounds
were selected based on their effects on rat HO-1 and HO-2 enzyme activities, which are
not representative of mouse HO-1 and HO-2 enzyme activities, nor of AC2M2 HO
activity. Overall, it was determined that the HO-1 selective class of compounds (e.g.
QC-15) and the more potent compound QC-308 produced very little inhibitory effect on
AC2M2 microsomal HO.
Due to the low inhibitory effect of the HO-1 selective compounds on AC2M2
microsomal HO activity, and the presence of both HO-1 and HO-2 in AC2M2 primary
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tumours (Chapters 2 and 3), it was decided that the non-selective compounds would be
screened for their effects on AC2M2 microsomal HO activity. A quick screening at two
concentrations (10 and 100 µM) narrowed the field down to one azole-based compound
(QC-196); full concentration-response curves for QC-196 (azole-based HO inhibitor),
ZnDP (metalloporphyrin-based inhibitor), and menadione (HO enzyme activator) were
performed. ZnDP is a very potent inhibitor of HO and was chosen for its more
favourable toxicity profile232 and menadione was the first compound tested to produce
HO enzyme activation71,72 and is being used in our lab to investigate the role of HO in
traumatic brain injury347.
6.4.2 HO Enzyme Activation Increases Cell Proliferation and Viability at Very Low
Concentrations
Treatment of AC2M2 cells in vitro with the HO activator menadione produced a
significant increase in cell proliferation and viability, as measured by the MTT assay, at
the lowest two concentrations tested (0.1-1 µM). These results of very low
concentrations of menadione increasing HO activity correlate well with the hypothesis
of HO/CO exerting cytoprotective and proliferative effects. These results are consistent
with those demonstrated by Was and colleagues262, where the upregulation of HO-1 in
both murine and human melanoma cells resulted in increased cell proliferation. The
literature has also demonstrated that the exogenous application of the HO activators
menadione72 and phenazine methosulfate, induce cell proliferation at low
concentrations348, but menadione treatment at higher concentrations (>10 uM) results
in cytotoxicity, apoptosis, and necrosis348–350. These effects are possibly the result of
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increased oxidative stress and altered intracellular calcium homeostasis348,349,351. A
decrease in AC2M2 cell viability was seen with increasing concentrations of menadione.
6.4.3 Very Low Concentrations of Menadione Increased Endothelial Cell Tube-like
Sprouting
Very low concentrations of menadione (1-2 µM), selected based on the results
from the MTT assay, were administered to the aortic ring sprouting assay, which
represents in vitro angiogenesis. These concentrations were not toxic to the AC2M2
cells plated around the periphery of each well – they likely increased HO activity and
AC2M2 cell proliferation. This increase in AC2M2 cell growth, which in turn increased
the presence of HO protein and CO formation, may have promoted endothelial cell
tube-like sprouting out of the aortic rings and into the surrounding Matrigel™ at 72 and
96 hours (Figure 6.3AB). These concentrations of menadione may have also promoted
the growth of endothelial cells, which branch to form the tube-like structures imaged
and quantified. These observations are consistent with the findings that demonstrate
that increased HO activity correlates with increased endothelial cell
proliferation257,260,261, and increased endothelial cell tube formation266,267. This increase
in angiogenic-like behavior increases cell survival and results in increased tumour size.
6.4.4 Menadione May Increase the Growth Rate and Size of Tumours
An initial study was conducted, in which 40 mice were injected with AC2M2 cells,
into mammary fat pad #4, as described in Section 2.2.8. However, an extremely low
incidence of tumour development was observed (30%). It was decided that the study
described herein would be broken up into two cohorts of 20 mice each. When the
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results were combined and analyzed together, there was no apparent effect of either
HO inhibition, with the azole-based inhibitor QC-196 or the metalloporphyrin ZnDP, or
HO enzyme activation, with menadione, on the rate of growth or on the final tumour
volume (Figure 6.4A). However, when the results were stratified according to treatment
cohort, there was a significant difference in the rate of growth and in final primary
tumour volume in the menadione treated mice in the second group of animals tested
(Figure 6.4C). The primary tumours in this group were significantly larger than the
tumours that grew in the saline treated animals in the same treatment cohort and they
were larger than the tumours that grew in the menadione treated animals in the first
treatment cohort.
The observations seen in one of the treatment cohorts correlate with the
hypothesis that exposure to menadione, at low concentrations, will result in increased
primary tumour growth and volume. Though the mechanism has yet to be fully
elucidated, we hypothesize that the observations seen are the result of HO enzyme
activation and subsequent increased CO production.
6.4.5 HO Enzyme Activity Modulation Had No Effect on AC2M2 Cancer Progression
Neither HO inhibition, with QC-196 or ZnDP, nor HO enzyme activation, with
menadione, resulted in a change in the incidence or number of lung metastases,
compared to saline control-treated animals. As seen in Chapter 3, there was a low
number of lung metastases in the saline-treated mice. We would have expected to see
an average between 5-10 individual nodules in those mice who developed lung
metastases304,330. In this study, we saw an average of 2 nodules in the 5 mice that
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developed them (Figure 6.5). These low metastasis numbers decrease our confidence
that this is a viable marker for AC2M2 cancer progression, under the conditions tested.
While some of the challenges with the animal model were addressed in chapter
4, it is apparent that this model requires further refinement. One of the obstacles that
remains is the regrowth of the primary tumour after initial resection. As discussed in
Chapter 4, this regrowth is aggressive and oftentimes, the humane endpoint is reached
by day 35, if not earlier, at which point the animals are euthanized and lungs are
harvested for biophotonic imaging. If the study timeline is to be adjusted, perhaps more
flexibility is required, such that there are no fixed dates for primary tumour resection or
lung imaging. Rather than have a fixed date for primary tumour resections, a threshold
tumour volume might be a more appropriate indication for tumour removal. This type
of model development was beyond the scope of the current study.
6.4.6 Menadione Treatment Increased AC2M2 Tumour HO-1 Protein Expression
In the primary tumours, HO-1 protein expression was increased in the
menadione treatment group, when compared to saline-treated controls. This induction
is believed to be the result of menadione-induced oxidative stress – menadione can
reduce O2 to form superoxide, which can dismutate to form hydrogen peroxide, which
plays a role in the Fenton reaction352. Menadione is often used to study the effects of
oxidative stress on endothelial cells353,354 and age-related neurodegeneration355,356, and
it has been used to study the role of inflammation and HO-1 in wound repair and
psoriasis357.
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While this upregulation of HO-1, in response to oxidative stress, is
cytoprotective, this implies that this same mechanism may play a protective role in
cancer cells. This can be seen in the second of two cohorts, as discussed above. These
results indicate that the upregulation of HO-1 may aid the tumour such that growth and
progression are increased and accelerated. Inhibition of HO-1 may still be a valid target
in the treatment of some cancers.
6.4.7 Conclusions
The aim of this study was to identify an azole-based HO inhibitor that is effective
in inhibiting AC2M2 mouse breast tumour microsomal HO activity and testing its
anticancer potential in vitro and in vivo. Preliminary screening and comprehensive
concentration-response curves in the HO activity assay identified QC-196, a nonselective HO inhibitor, as the best candidate for subsequent study. The
metalloporphyrin-based non-selective HO inhibitor ZnDP and the HO enzyme activator
menadione were also selected for further study. It was suggested that HO plays a
cytoprotective role, which is beneficial to normal cells but is considered detrimental to
the host when it is cancerous cells reaping the benefits of increased HO activity.
Therefore the inhibition of AC2M2 HO activity was hypothesized to be detrimental to its
growth and progression while activation of HO would promote growth and progression.
In this study, menadione proved to be very toxic at low concentrations (>5 µM)
in the cell viability and proliferation assay, but increased cell proliferation at very low
concentrations. At these very low concentrations (<2 µM), menadione also increased
the sprouting of endothelial cells in the aortic ring assay of angiogenesis. In vivo,
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menadione treatment resulted in an increased rate of AC2M2 primary tumour growth
and increased primary tumour volume in one of two cohorts of mice studied.
Furthermore, menadione treatment resulted in an increase in HO-1 protein expression
in the primary tumours of the mice. This correlates with the observations that exposure
to the pro-oxidant menadione increases HO-1 protein expression in human fibroblast
cells358,359 and human retinal pigment epithelial cells360.
While treatment with the azole-based or the metalloporphyrin-based HO
inhibitor exerted limited AC2M2 anticancer activity in vitro and no anticancer activity in
vivo, HO inhibition alone may not be enough to exert sufficient anticancer activity – it is
likely that HO inhibition must be administered in conjunction with other chemo- or
radiotherapeutics, in order to act in a synergistic manner, which has been demonstrated
previously utilizing metalloporphyrins and genetic modification55,252. Anticancer activity
against PC3 prostate cancer, demonstrated using the azole-based compound OB-24
(a.k.a. QC-56)250, indicates that the in vivo benefit of these compounds may be cancercell specific and their use should be further investigated. The results with the HO
activator menadione are compelling and indicate that HO plays a role in tumour growth
and cancer progression. Further studies are warranted to determine whether azolebased HO inhibitors have a place in the treatment of cancers.
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Chapter 7 – Differential Effects of Heme Oxygenase Inhibitors on
Rat and Mouse Tissue

7.1 Introduction
When the azole-based heme oxygenase (HO) inhibitor project was first started a
decade ago, the compounds were tested for their effects on rat spleen (HO-1) and rat
brain (HO-2) tissue microsomes. The resulting concentration-response curves stratified
the inhibitors into four distinct classes: HO-1 selective, HO-2 selective, non-selective,
and inactive compounds. This differentiated the azole-based inhibitors (QC-XX) from the
first generation metalloporphyrin (Mp)-based compounds which are generally
considered to be non-selective inhibitors, although a slight preference for HO-2 over
HO-1 is seen with several of the compounds361. Furthermore, the azole-based inhibitors
are more selective for HO over other hemoproteins, such as soluble guanylyl cyclase
(sGC) and nitric oxide synthase (NOS)220,222. Moreover, several compounds, namely
those with three and four nitrogens in the azole ring, displayed limited inhibition
towards several cytochrome P450 (CYP) enzymes70,220.
The potency of the QC-compounds in rat spleen and brain tissue has been used
to select drugs for further examination in the AC2M2 mouse breast cancer model.
Chapter 2 describes the HO-1 selective compound QC-15 treatment resulting in a
decrease in primary AC2M2 tumour growth and a decrease in the development of
AC2M2 lung metastases. Subsequent studies, detailed in Chapters 3 and 5, using QC-15
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and the more potent, but less selective, QC-308 did not result in changes in tumour
growth or metastasis development. Upon further investigation, it became apparent that
the selectivity of QC-15 had waned and neither QC-15 nor QC-308 exerted the same
effect in mouse spleen and brain tissue microsomal HO activity as they did in rat tissue.
This finding was demonstrated further in AC2M2 mouse breast primary tumour
microsomes. The study detailed in Chapter 6 involved identifying new candidate
compounds that were effective AC2M2 tumour HO inhibitors. The results of these
screenings illustrate the need to test the azole-based compounds in more models than
just the rat. Furthermore, the observations displaying a loss in HO-1 selectivity need to
be examined.
The loss of potency the QC-compounds exhibited in mouse tissue, compared to
rat tissue, is puzzling. The genetic profiles of the catalytic pocket of HO-1 and HO-2 are
highly conserved between rat, mouse, and human7,11,28. Differences in the efficacy of
the azole-based HO inhibitors were not anticipated and are further explored in this
chapter. Three classes of compounds, differentiated by initial reports on effect towards
rat HO activity, were tested: non-selective and HO-1 selective azalanstat analogs and
HO-2 selective clemizole analogs (Figure 7.1).
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Figure 7.1 Chemical structures of the (A) azalanstat- and (B) clemizole-based analogs tested for their
effects on rat and mouse spleen and brain microsomal HO enzyme activity.
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7.2 Materials and Methods
7.2.1 Materials and Reagents
The following compounds were synthesized and characterized by elemental
analysis, MS and NMR as described previously213,219,221: QC-15; QC-56 (2-[2-(4bromophenyl)ethyl]-2-(1H-imidazol-1-yl)methyl-1,3-dioxolane hydrochloride); QC-57 (2[2-phenylethyl]-2-(1H-imidazol-1-yl)methyl-1,3-dioxolane hydrochloride); QC-189 (1(3,4-dichlorophenyl)-2-(imidazol-1-yl)ethanone hydrochloride); QC-196; QC-220 (1-(2(adamantan-1-yl)ethyl)-1H-imidazole hydrochloride); QC-282 (1-(4-benzylphenyl)-2(imidazol-1-yl)ethanone hydrochloride); QC-291 (2-(2-naphthalen-2-yl)-2-(1H-imidazol1-yl)methyl-1,3-dioxolane hydrochloride); QC-2321 (1-(4-chloro-benzyl)-2-(pyrrolidin-1ylmethyl)-1H-benzoimidazole dihydrochloride); QC-2350 (1-(2-phenylethyl)-2(pyrrolidin-1-ylmethyl)-1H-benzoimidazole dihydrochloride); and QC-2356 (1-(3nitrobenzyl)-2-(pyrrolidin-1-ylmethyl)-1H-benzoimidazole dihydrochloride).
ZnDP and chromium mesoporphyrin IX (CrMP) were purchased from Frontier
Scientific Inc. (Logan, UT, U.S.A.). Stock solutions (1.5 mM) of the metalloporphyrins
were prepared under subdued light conditions and were made in ethanolamine (1.6 M)
such that the final concentration was 0.05% (v v-1). The solutions were carefully titrated
under stirring with 1 M HCl to a pH of 7.4 followed by the addition of 100 mM
phosphate buffer, then aliquoted and frozen at -20°C until used.
See section 2.2.1 for more details.
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7.2.2 Animals
Male Sprague-Dawley rats (250-300g) were purchased from Charles River Inc.
(Montreal, QC, Canada). Female Swiss Nude (Crl:NU-Foxn1<nu> - NU/NU) mice (4-6
weeks of age) were purchased from Charles River Inc. All mouse tissues utilized in this
chapter were obtained from the studies conducted in Chapters 4-6; the brain and spleen
of saline-treated (10 µl g-1 body weight saline administered on days 1, 3, and 5 of a 7day cycle) control mice were harvested, flash frozen, and stored at -80°C. The animals
were allowed to acclimatize for one week prior to the first treatment. All animals were
cared for in accordance with the principles and guidelines of the Canadian Council on
Animal Care and all experimental protocols were approved by the Queen’s University
Animal Care Committee.
See section 2.2.2 for more detail.
7.2.3 Preparation of Tissue Microsomes
Spleen and brain microsomes from control mice were prepared as described
previously (section 3.2.3).
7.2.4 Heme Oxygenase Activity Assay
The effects of the selected compounds on HO activity in spleen (HO-1) and brain
(HO-2) microsomal fractions were determined by quantifying CO production as
described in section 3.2.4. Rat tissue microsomes were incubated for 15 minutes and
mouse tissue microsomes were incubated for 20 minutes upon the addition of NADPH.
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7.2.5 Quantification of Protein expression
The expression of HO-1 and HO-2 protein expression in rat and mouse spleen
and brain tissue microsomes (10 µg of protein) were determined according to the
methodology described in section 2.2.8.
7.2.6 Statistical Analysis
All statistical analyses were performed using Prism ® Version 6 (GraphPad
Software Inc., San Diego, CA, USA). All data are presented as mean ± standard error of
the mean (SEM). Unpaired Student’s t-tests (treatments = 2), one-way analysis of
variance (ANOVA) with Tukey’s or Dunnett’s post hoc test or two-way ANOVA with
Bonferroni post-hoc test were performed where appropriate. P-values ≤ 0.05 were
considered to be statistically significant.
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7.3 Results
7.3.1 Non-selective Metalloporphyrin-based HO Inhibitors Display Similar
Concentration-Response Curves Between Species
The non-selective Mp-based HO inhibitors tested exhibited similar
concentration-response curves and IC50 values in rat and mouse tissues (Figure 7.2AB).
The non-selective azole-based compounds displayed potent HO inhibition in rats, but
were less active in mouse tissue (Figure 7.3A-C). While the IC50 values are similar, these
compounds were overall less efficacious in mouse tissue, with approximately 60%
maximal inhibition compared to >90% in rat (Table 7.1).
7.3.2 HO-1 Selective Inhibitors are Less Efficacious Than Previously Reported
Previous research conducted in our lab reported a class of azole-based HO
inhibitors that were potent HO-1 inhibitors and poor HO-2 inhibitors214,216,220–223. These
compounds were reported to have IC50 values greater than 100 µM in rat brain and
produced approximately 45% maximal inhibition (data not shown). Recent data indicate
that these so-called “HO-1 selective inhibitors” no longer exert the same selectivity
(Table 7.2).
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Figure 7.2 Metalloporphyrins are potent inhibitors of both HO-1 and HO-2. The effects of (A) ZnDP and
(B) CrMP on spleen (HO-1; closed) and brain (HO-2; open) microsomal activities in Sprague-Dawley rat
(square) and NU/NU mouse tissues (circle). Tissue microsomes were incubated with methemalbumin
and increasing concentrations of Mp (0-100 µM). NADPH solution was added to each vial to start the
reaction, which occurred for either 15 (rat) or 20 (mouse) min at 37°C. Reactions were terminated by
freezing the samples on crushed dry ice. CO formation was measured as corrected peak area by gas
chromatography using a TA 3000R Process Gas Analyzer (Trace Analytical/Ametek). The amount of CO
formation was determined by interpolation on a CO standard curve. The data are presented as the
percent control (0 µM inhibitor). Data are presented as mean ± SEM (rat: n = 4; mouse n = 3).
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Figure 7.3 Non-selective azole-based compounds inhibit both spleen and brain HO activities. The effects
of (A) QC-189, (B) QC-196, and (C) QC-282 on spleen (HO-1; closed) and brain (HO-2; open) microsomal
activities in Sprague-Dawley rat (square) and NU/NU mouse tissues (circle). Tissue microsomes were
incubated with methemalbumin and increasing concentrations of QC-XX (0-100 µM). NADPH solution
was added to each vial to start the reaction, which occurred for either 15 (rat) or 20 (mouse) min at
37°C. Reactions were terminated by freezing the samples on crushed dry ice. CO formation was
measured as corrected peak area by gas chromatography using a TA 3000R Process Gas Analyzer (Trace
Analytical/Ametek). The amount of CO formation was determined by interpolation on a CO standard
curve. The data are presented as the percent control (0 µM inhibitor). Data are presented as mean ±
SEM (rat: n = 4; mouse n = 3).
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Table 7.1 IC50 values of non-selective compounds on rat and mouse spleen and brain HO enzyme
activities. Percent maximal inhibitions are depicted below the IC50 values (µM).

Rat
QC-XX
CrMP
ZnDP
QC-189
QC-196
QC-282

Spleen (µM)
% max inhibition
1.050
100%
0.234
92%
1.035
96%
0.640
96%
2.576
91%

Mouse
Brain (µM)
% max inhibition
0.465
93%
0.020
90%
4.765
77%
2.392
77%
2.755
74%
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Spleen (µM)
% max inhibition
1.379
93%
0.115
77%
1.636
70%
0.752
66%
3.129
58%

Brain (µM)
% max inhibition
1.351
88%
0.023
64%
19.060
53%
7.723
59%
>100
50%

Table 7.2 IC50 values of “HO-1 selective” compounds on rat and mouse spleen and brain HO enzyme
activities. Percent maximal inhibitions are depicted below the IC50 values (µM).

Rat
QC-XX
QC-15
QC-56
QC-57
QC-220
QC-291

Spleen (µM)
% max inhibition
1.898
91%
1.700
92%
3.600
86%
2.886
89%
1.880
93%

Mouse

Brain (µM)
% max inhibition
6.131
66%
4.241
74%
38.372
54%
54.189
62%
23.278
74%
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Spleen (µM)
% max inhibition
>100
47%
>100
49%
>100
44%
45.629
40%
>100
40%

Brain (µM)
% max inhibition
>100
29%
>100
27%
>100
21%
>100
40%
>100
40%

7.3.3 HO-1 Selective Inhibitors are Less Potent in Mice than in Rats
While these compounds are very good HO-1 inhibitors, resulting in a 90%
decrease in rat spleen microsomal HO enzyme activity, they are also active HO-2
inhibitors, resulting in 60-80% inhibition in rat brain microsomes (Table 7.2). All
compounds in this class of azole-based HO inhibitors displayed poor inhibition of both
mouse HO-1 and HO-2. While there was a slight preference for HO-1 inhibition, IC50
values could not be calculated, as the concentration-response curves never crossed the
50% inhibition mark. On average, the maximal inhibition produced was approximately
40% of control activity at the highest concentration tested (100 µM).
7.3.4 HO-2 Selective Inhibitors Display Similar Concentration-responses Between
Species
The three HO-2 selective inhibitors, which are clemizole analogs, exert similar
concentration-response effects on both rat and mouse spleen and brain HO activities.
All compounds were selective for HO-2 and at concentrations below 10 µM
demonstrated limited effects on HO-1 enzyme activities (Figure 7.5). At the highest
concentration tested (100 µM), QC-2321 and QC-2356 produced HO-1 inhibition
reminiscent of the maximal HO-2 inhibition, in mouse spleen. These compounds had
limited effect on rat spleen HO activity (Table 7.3).
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Figure 7.4 “HO-1 selective” inhibitors are more potent in rat tissues than in mouse tissues. The effects of
(A) QC-15, (B) QC-56, (C) QC-57, (D) QC-220, and (E) QC-291 on spleen (HO-1; closed) and brain (HO-2;
open) microsomal activities in Sprague-Dawley rat (square) and NU/NU mouse tissues (circle). Tissue
microsomes were incubated with methemalbumin and increasing concentrations of QC-XX (0-100 µM).
NADPH solution was added to each vial to start the reaction, which occurred for either 15 (rat) or 20
(mouse) min at 37°C. Reactions were terminated by freezing the samples on crushed dry ice. CO
formation was measured as corrected peak area by gas chromatography using a TA 3000R Process Gas
Analyzer (Trace Analytical/Ametek). The amount of CO formation was determined by interpolation on a
CO standard curve. The data are presented as the percent control (0 µM inhibitor). Data are presented
as mean ± SEM (rat: n = 4; mouse n = 3).
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Figure 7.5 HO-2 selective inhibitors exert similar effects on both rat and mouse HO activities. The effects
of (A) QC-2321, (B) QC-2350, and (C) QC-2356 on spleen (HO-1; closed) and brain (HO-2; open)
microsomal activities in Sprague-Dawley rat (square) and NU/NU mouse tissues (circle). Tissue
microsomes were incubated with methemalbumin and increasing concentrations of QC-XX (0-100 µM).
NADPH solution was added to each vial to start the reaction, which occurred for either 15 (rat) or 20
(mouse) min at 37°C. Reactions were terminated by freezing the samples on crushed dry ice. CO
formation was measured as corrected peak area by gas chromatography using a TA 3000R Process Gas
Analyzer (Trace Analytical/Ametek). The amount of CO formation was determined by interpolation on a
CO standard curve. The data are presented as the percent control (0 µM inhibitor). Data are presented
as mean ± SEM (rat: n = 4; mouse n = 3).
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Table 7.3 IC50 values of Clemizole analogs on rat and mouse HO-1 and HO-2 enzyme activities. Percent
maximal inhibitions are depicted below the IC50 values (µM).

Rat
QC-XX
QC-2321
QC-2350
QC-2356

Spleen (µM)
% max inhibition
>100
44%
>100
17%
>100
20%

Mouse

Brain (µM)
% max inhibition
2.420
72%
3.630
73%
2.378
74%
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Spleen (µM)
% max inhibition
29.400
65%
>100
35%
>100
50%

Brain (µM)
% max inhibition
3.296
64%
10.046
64%
3.925
62%

7.3.5 Rat Tissue Expresses More HO than Mouse Tissue
The rat tissues examined, spleen and brain microsomes, contained more HO-1
and HO-2, respectively, than did the same amount (10 µg protein) of mouse spleen and
brain (Figure 7.6). In both the rat and mouse, spleens contained significantly more HO-1
than the brains (Figure 7.6A). Only the rat brains contained significantly more HO-2
protein than spleen (Figure 7.6B); mouse tissues demonstrated no difference in HO-2
expression.

Figure 7.6 HO protein levels in rat and mouse spleen and brain. (A) HO-1 and (B) HO-2 protein
expression in the spleens and brains of Sprague-Dawley rats and NU/NU immunocompromised mice.
Tissue microsomes were prepared and 10 µg of microsomal protein was subjected to SDS-PAGE and
Western blotting for HO-1 and HO-2. There was significantly more HO-1 in the rat spleen (***p < 0.001)
and mouse spleen (*p < 0.05) compared to that found in the brain. Moreover, rat spleen had
significantly more HO-1 protein than mouse spleen (++p < 0.01). Only in the rat did the brain have
significantly more HO-2 protein than the spleen (**p < 0.01). Rat brain also had more HO-2 protein than
mouse brain (+p < 0.05). Data are displayed as mean ± SEM (n = 3).
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7.4 Discussion
A difference in response towards the azole-based HO inhibitors between rat and
mouse microsomes was first observed when we were attempting to explain why our
HO-1 selective inhibitor, QC-15, and the more potent HO inhibitor, QC-308, did not
reproduce the results observed in Chapter 2. That study demonstrated that HO-1
inhibition in the AC2M2 mouse model of breast cancer, using QC-15, resulted in a
decrease in primary tumour volume, rate of primary tumour growth, and incidence of
lung metastases. We then tested the hypothesis that use of the more potent inhibitor,
QC-308, would result in further decreases in AC2M2 growth and progression. As
detailed in Chapters 3 and 5, there was no effect with either QC-15 or QC-308 treatment
in vivo. Furthermore, a loss in selectivity for HO-1 was seen with QC-15 in the in vitro HO
enzyme activity assay.
When the effects of these two HO inhibitors were tested on AC2M2 primary
tumour microsomes (Chapter 5), it was observed that these compounds had little effect
on AC2M2 tumour microsomal HO enzyme activity. Moreover, a quick screen of these
compounds in mouse spleen and brain microsomes (data not shown) indicated that they
were not as potent in mouse tissues as had been seen historically in rat tissues. As there
has been interest in the HO community to use the azole-based HO inhibitors to
determine the role of HO in a variety of physiological processes, further investigation
was warranted. Characterization of a small number of water-soluble azole-based
inhibitors, chosen from the three original classes of HO inhibitors, was performed in rat
and mouse spleen and brain microsomes.
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Overall, the non-selective HO inhibitors demonstrated similar effects in rat and
mouse tissues. The metalloporphyrin-based inhibitors resulted in almost identical
concentration-response curves in the rat and mouse tissues, and at the highest
concentration tested (100 µM) most, if not all, HO activity was inhibited. The azolebased inhibitors resulted in potent inhibition of both rat and mouse spleen microsomes,
and were more active in rat brain microsomes than in mouse brain microsomes. Overall,
inhibition of the mouse tissue microsomes was blunted, with inhibition plateauing
between 10-100 µM of compound and 60-70% inhibition of spleen and 50% inhibition of
brain activities. This is different from the maximal inhibition seen in rat tissues, with
>90% spleen and >70% brain inhibition seen on average in these microsomes.
The “HO-1 selective” class of compounds demonstrated a decrease in selectivity
for spleen over brain, in rat tissue microsomes, than has been reported in the
literature214,216,220–223. While these compounds remain potent inhibitors of spleen HO
activity, resulting in approximately 90% inhibition at the highest concentration tested
(100 µM), IC50 values for brain HO enzyme activity could be calculated and 60-80%
inhibition was seen, whereas previous publications reported no IC50 value and inhibition
plateaued around 45% control activity (data not shown). The results in this study
demonstrate that these compounds now result in 60-80% inhibition of brain HO activity
and for all five compounds tested calculation of IC50 values was possible.
This shift in inhibitory efficacy towards brain HO was unanticipated. It was
hypothesized that these compounds had, over time, degraded to a non-selective
azole-based compound, which would explain the increase in brain HO enzyme inhibition

161

seen over time. However, upon NMR analysis, it was determined that all compounds
were present in their original chemical structures and had not degraded. It was then
suggested that there had been a change in the distribution of the two HO isozymes in
rat brain. Unfortunately, microsomal samples from the initial experiments that
demonstrated a lack of effect in brain microsomes, were not available, therefore a
direct comparison between these microsomes and those used in the current study were
not possible. Western blot analysis performed on the rat brain microsomes used in the
current study indicates that there is no significant difference in the amount of HO-1 and
HO-2 in 10 µg protein of brain microsomes, assuming the efficacy of the antibodies is
similar. Therefore there is no way of knowing whether the effects seen in the rat brain,
in the presence of these “HO-1 selective” compounds, are due to inhibition of HO-2 or
to inhibition of the relatively equivalent amount of HO-1 present. Further investigation
is required.
Overall, the “HO-1 selective” compounds were poorer inhibitors of both mouse
HO-1 and HO-2 activities. In general, less than 50% inhibition was seen with the
compounds studied. Examination of the EC50 values indicate that these compounds do
demonstrate selectivity towards HO-1 inhibition (data not shown). The reason for this
blunted response in the mouse tissue microsomes, compared to the rat tissue
microsomes, is not known. Similar responses between the two species were anticipated,
as the rat and mouse HO genomes are very highly conserved7,11,28.
One possible explanation is that CYP protein expression could have been
increased in the spleen of the mice used in this study – this response has been
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demonstrated to occur in rats that have been implanted with lymphosarcoma cells 244
and in human patients diagnosed with Hodgkin’s lymphoma362. Little is known about the
metabolism of the azole-based HO inhibitors. It is possible that a sufficient amount of
drug-metabolizing CYP is present in the microsomes, which were made from the spleen
and brain of mice that were implanted with AC2M2 cancer cells, and that upon the
addition of NADPH and incubation in the shaking water bath (37°C), QC-xx metabolism
occured, thus blunting the HO inhibitory response. An increase in rat microsomal CYP
activity would not be seen, as these animals receive no treatment prior to euthanasia
and tissue harvest. Further investigation with treatment-null mice is required.
The third class of azole-based HO inhibitors examined were the clemizoleanalogs, which are considered to be HO-2 selective compounds219. These compounds
demonstrated potent rat brain HO inhibition and exerted little effect on rat spleen HO
activity. The trends observed in the rat tissues are also present in the mouse tissues.
Western blot analysis revealed that HO-2 is present in similar amounts in the mouse
spleen as in rat spleen, which correlates to the similar responses to the HO-2 selective
inhibitors.
This study was performed to further characterize the azole-based HO inhibitors.
To date, all reported HO inhibition data have been performed using rat spleen and brain
microsomes. As illustrated in chapter 6, this methodology limits the utility of these
compounds. One of the aims of the azole-based HO inhibitor development project was
to synthesize compounds that could be used to further our knowledge of the roles of
HO in various physiological processes. Many of these processes are studied using
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various animal models. As demonstrated in this chapter, the efficacy of these azolebased compounds in one species does not translate to efficacy in another. The results
observed herein demonstrate the need to characterize the compounds of interest in the
tissue/species of interest.
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Chapter 8 - General Discussion
The overarching goal of this thesis project was to determine whether HO-1 has a
role in the growth and progression of AC2M2 mouse breast cancer. Using a variety of in
vitro and in vivo techniques, the utility of targeted HO-1 selective inhibition was tested
as a possible therapeutic tool against AC2M2 cancer. The results of the studies discussed
herein were inconclusive at determining whether HO plays a role in AC2M2 cancer
growth and progression - the use of azole-based HO inhibitors proved to be challenging;
furthermore, the AC2M2 cancer is a very aggressive model of breast cancer, which may
have contributed to the challenge.
The use of azole-based HO inhibitors is relatively new to the HO community. To
date, the bulk of the research in the field has utilized the Mp class of compounds. While
these compounds are very effective inhibitors of HO, their non-selectivity towards HO
limits their utility. The Mps inhibit other heme-dependent enzymes, such as NOS, sGC,
and CYPs190–193. Moreover, NOS and sGC are involved in many of the same metabolic
pathways as the HO/CO system, decreasing the value of Mp-based inhibitors in the
study of the physiological roles of HO190,196,363.
After the discovery of the azole-based lead compound, azalanstat (QC-1), which
demonstrated HO inhibition210,211,222, our laboratory synthesized a number of analogs
that inhibit HO in vitro, with several compounds displaying increased selectivity for HO
over NOS, sGC, and even several CYPs70,214,216,221–223,290. QC-56, which was initially
observed to be a HO-1 selective azole-based inhibitor, was tested in vivo and
demonstrated significant inhibition of CO production in heme-loaded mice (unpublished
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data). Of further benefit, these compounds do not increase HO-1 protein
expression217,218, nor are they light-sensitive, unlike the Mps194–196. Several modifications
to the functional groups have led to analogs that demonstrate increased selectivity for
the HO-1 isozyme over HO-2. More recently, using clemizole (QC-2321) as a backbone,
several compounds have been synthesized that display selectivity for HO-2 inhibition
over HO-1219. Also under investigation is the ability of menadione and other
naphthoquinone analogs to increase HO enzyme activity, in vitro71. The discovery and
synthesis of these compounds have the potential to further the HO/CO field of research;
by targeting specific isozymes, the roles of HO-1 and HO-2 may be further elucidated,
without confounding by the inhibition of NOS, sGC, or CYPs.
The first objectives of this thesis were to determine the effects of the azolebased HO-1 selective inhibitor QC-15 on in vitro models of AC2M2 breast cancer cell
viability and angiogenesis, followed by the effects on in vivo AC2M2 breast cancer
growth, angiogenesis, and metastasis (Chapter 2); some of these data were presented in
the unpublished PhD thesis of Dr. Ryan A. Dercho364. The results of this study were
promising; they indicated that QC-15 treatment decreased AC2M2 cell proliferation and
AC2M2-driven EC tube-like formation in vitro, and decreased the rate of primary tumour
growth, the final primary tumour volume, and the number of metastatic lesions in vivo.
These results were consistent with the observations put forth by Alaoui-Jamali et al.250 ,
who demonstrated that treatment using the azole-based inhibitor OB-24 (a.k.a. QC-56)
decreased the growth of orthotopically implanted PC3 tumours and the development of
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metastases. Thus it was concluded that HO-1 inhibition could be exploited in the
treatment of cancer and warranted further investigation.
Based on the encouraging results demonstrated in Chapter 2 and by AlaouiJamali and colleagues250, it was hypothesized that a more potent HO inhibitor would
elicit increased effects on tumour growth and metastasis in the in vivo AC2M2 breast
cancer model. In addition to the more potent inhibitor QC-308, a non-active analog of
QC-15, QC-310, was used in order to determine whether the previous observations
were due to HO inhibition or some unidentified mechanism. Unfortunately, the results
from this in vivo study were inconclusive. While both HO inhibitors decreased AC2M2
cell viability in vitro, neither compound had any effect on AC2M2 tumour growth or
metastasis development in vivo. These observations were especially discouraging as the
results, in particular those pertaining to QC-15, did not correlate with those seen in
Chapter 2. The lack of effect, due to HO inhibition, on AC2M2 cancer growth and
progression (Chapter 5) persisted once the animal model had been optimized (Chapter
4).
Taken together, the data indicate that azole-based HO inhibition, using QC-15 or
QC-308, while useful in in vitro assays of cancer cell viability and angiogenesis, are of
limited use in the in vivo mouse model of AC2M2 breast cancer growth and progression.
While unexpected, these results do in fact correlate with the in vitro effects of these
compounds on AC2M2 tumour microsomal HO activity (Figure 5.3) which demonstrate
little inhibition, such that IC50 values could not be calculated. Furthermore, a
comparison between the effects on rat tissue microsomes and mouse tissue
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microsomes illustrates that the azole-based compounds, which to-date have always
been described in terms of their effects on rat HO activity, do not exhibit the same
potency or selectivity in mouse tissues (Chapter 7).
In fact, compounds that were originally deemed “HO-1 selective” in the rat were
overall poor inhibitors of mouse microsomal HO activity and no longer demonstrated
selectivity for HO-1 over HO-2 in rat tissue. The absence of selectivity for HO-1 has been
demonstrated previously with QC-15 in both recombinant rat215 and human331
truncated HO-1 and HO-2. Conversely, non-selective compounds in rat tissue remained
non-selective in mouse tissue, but retained their relative potencies (Chapter 7). The
overall blunting of response in the mouse tissues examined was not anticipated; similar
responses were expected because the rat and mouse HO genomes are highly
conserved7,11,28.
Differences in response to QC-15 have also been observed between “native” rat
HO-1 (spleen microsomes) and recombinant full-length (unpublished data) and
truncated hHO-1331. These results correlate with those observations demonstrating that
soluble truncated HO-1, which lacks the C-terminal membrane spanning anchor75,365,
shows decreased catalytic activity when compared to the full-length protein366. One
possible explanation for the loss in inhibition seen in the recombinant HO-1 compared
to the native protein is the lack of lipid bilayer anchoring the protein. Inclusion of the
C-terminal membrane spanning domain increases affinity towards cytochrome P450
reductase (CPR), an electron donating co-factor that facilitates HO enzyme activity366.
While it is known that the catalytic pocket of HO is highly conserved, it is possible that
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major species differences in the genetic sequence play a role in the binding of HO to the
membrane and its interaction with CPR.
Examination of the spleen and brain of both rats and mice revealed that the
spleen of both animals contain more HO-1 protein than the brain, however only in rats
does the brain contain more HO-2 protein than the spleen (Figure 7.6). Relatively similar
amounts of HO-2 protein in the spleen and brain of mice might explain the loss in
compound selectivity and the blunting of effects on HO enzyme activities. Equivalent
amounts of HO-2 protein in the spleen and brain of mice might explain the blunted
effects of the QC-compounds tested. The “HO-1 selective” compounds might still be
selective for HO-1, but their efficacy is masked by HO-2’s continued activity in the
spleen. These observations were made using tissues obtained from NU/NU
immunocompromised mice, it is not known whether these trends persist in other mouse
strains, but should be investigated.
While the difference in HO profiles between species, and the resulting different
characteristics exhibited by the azole-based inhibitors are relevant, the preliminary
results discussed in Chapter 2 should not be discounted. Results obtained and discussed
in Chapter 4 correlate with the initial effects of QC-15 treatment on AC2M2 cancer
growth and progression in vivo. Upon analysis of the data, it was recognized that the
studies conducted were performed at different times of year. The in vivo experiments
presented in chapters 2 and 4 were conducted in the fall, while the animal work
presented in chapters 3 and 5 was conducted in the winter. The two cohorts tested in
Chapter 6 were separated by a month, delineated by a transition from winter to spring.
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Seasonal differences in immune response and behaviour have been observed in
mice367,368, which persist in animals housed in a stable environment369,370, and in
humans371–375, and have been demonstrated to have a genetic component 376. A peak in
lymphocyte activation, which has been demonstrated to occur in C57BL/6 mice between
February and April369, may affect AC2M2 lung metastasis development resulting in a
lower number of lung metastases in control animals and the inability to discern true
reductions in nodule numbers in response to HO inhibition.
A second consideration to be made is based on the results obtained by Sorge
and colleagues377. In their study of pain in rats and mice, they observed that the rodents
exhibited increased physiological stress, resulting in stress-induced analgesia, in the
presence of male pheromones, but not female’s. The lead researcher for Chapter 2 was
Dr. Ryan A. Dercho, who is male, while the lead researcher for all subsequent chapters
was female. The up-regulation of HO-1, a stress protein, due to a male presence has yet
to be explored, but should be considered. It is possible that an increased stressresponse, resulting in increased HO-1 expression would render the effects of HOtargeted inhibition more pronounced, resulting in significant differences (e.g. decreasing
tumour volume and rate of growth, decreasing the incidence and number of lung
metastatic nodules), which would not be apparent in non-stressed animals.
The last consideration to be made is also stress-related. At the time the study in
Chapter 2 was conducted (Fall 2009), construction for the new Queen’s School of
Medicine building was underway. The location of this building is important, as it is
across the street from Botterell Hall, in which the mice were housed in the Animal Care
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Facility underground. Excess noise and vibrations caused by the construction could well
have increased the stress levels of all animals housed in these facilities. While a
correlation between these stressors and HO-1 protein expression was not determined,
its effects may have played a role in the results seen in Chapter 2, as discussed above.
Intermittent construction due to expansion of the Animal Care Facility might further
explain the inconclusive results observed over the years since the initial study.
Due to the challenges to reproducibility of the in vivo studies conducted, it
appears that the use of azole-based HO inhibitors, at 100 µmol kg-1 doses administered
IP on a metronomic dosing schedule consisting of three-times a week administration,
was not sufficient to decrease the rate of primary AC2M2 tumour growth, the final
volume of primary tumours, or the incidence and number of metastatic lesions on the
lungs. A potentially significant consideration for future studies is to undertake complete
ADME profiles of candidate QC-xx drugs. The current dosing schedule was adopted
based on the positive results seen with OB-24 (a.k.a.QC-56) treatment and the growth
and progression of PC3 cancer in vivo250. While in vivo administration of QC-56, followed
by heme-loading and determination of the rate of pulmonary excretion of endogenously
produced CO (VeCO) resulted in a significant decrease in CO production 90 minutes
after heme administration (and 150 minutes after QC-56 administration)364, the effect of
HO inhibition using azole-based inhibitors is abolished by 12-hours post-heme
administration, as demonstrated using QC-10364. Other than the diminished effect over
time, little is known regarding the ADME profile of the QC-compounds. More data
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regarding the pharmacokinetics and pharmacodynamics of these drugs must be
generated should these compounds continue to be considered for therapeutic use.
Although the in vivo results were not able to demonstrate a therapeutic benefit
of azole-based HO inhibitors in the treatment of AC2M2 mouse breast cancer growth
and progression, it cannot be denied that the in vitro results are compelling. Of the
azole-based inhibitors, the non-selective inhibitors, QC-196 and QC-308, did not affect
24-hour cell viability at the concentrations tested (Figures 3.2 and Figure 6.2), however
any effects on cell viability and proliferation were likely to be HO-independent as the
inactive analog QC-310 did produce decreases in cell viability at >50 µM.
Perhaps the most intriguing are the results of the in vitro aortic ring sprouting
angiogenesis assay. For the first time, it was demonstrated that co-incubation of AC2M2
cancer cells plated around the periphery of each well resulted in increased EC tube-like
formation projecting out of Matrigel™-embedded aortic ring segments (Figure 2.2 and
Figure 3.3). Using non-toxic concentrations, it was observed that the most potent
compound tested, QC-308, abrogated AC2M2-dependent EC tube growth 72- and 96hours after the aortic rings were harvested and embedded in Matrigel™ (Figure 3.4).
Furthermore, treatment with menadione, a known HO enzyme activator, increased
AC2M2-dependent EC tube growth (Figure 6.3). These results may provide important
information regarding the role of HO in angiogenesis.
Angiogenesis is critical for the growth and progression of cancerous tumours.
Diffusion alone is not sufficient for growing tumours (>1-2mm3) to receive adequate
nutrition and oxygen277. Targeting angiogenesis in the treatment of cancer is not new,
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with antiangiogenic therapies being common additives to the treatment regimen. A
common drug, bevacizumab (Avastin®), used in combination with other
chemotherapeutics, has been demonstrated to improve progression-free survival in
several types of cancer, such as metastatic colorectal cancer378, non-small cell lung
cancer379 and metastatic breast cancer380–382. The humanized anti-VEGF monoclonal
antibodies are also used in the treatment of ophthalmic disease states associated with
increased angiogenesis, which often lead to blindness: diabetic retinopathy383, agerelated macular degeneration384, pterigium385, and corneal neovascularization386,387.
These agents act by binding circulating VEGF, preventing it from binding to its receptors
and halting angiogenesis. While effective in the treatment of these ophthalmic diseases,
administration is by intravitreal injection, which can be painful. Azole-based inhibitors of
angiogenesis, which are small and many of which are water-soluble, present an
attractive alternative; not only are they more easily administered, but the cost would
likely be significantly less than the anti-VEGF antibodies, which are potentially antigenic
and expensive to produce.
Overall, the data presented in this thesis highlight some of the challenges faced
in the application of new drug entities to cancer research. Although a more concrete
role for HO in the growth and progression of AC2M2 cancer was not determined,
significant steps were made towards understanding the use of HO enzyme activity
modulators, both azole-based inhibitors and naphthoquinone-based activators, in vitro
and in vivo. These compounds have potential for use, either in the treatment of disease
or solely as research tools, to elucidate the physiological roles of HO. Future
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considerations for the HO inhibitors include investigating their anti-angiogenic
properties and using them in combination with traditional anticancer therapies. The use
of HO enzyme activators must also be explored, and may provide crucial insights into
the treatment of traumatic brain injuries and the complications associated with
organ/tissue transplantation. The treatment opportunities appear to be endless and HO
activity modulation should be exploited whenever possible.
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