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Ischemiais characterized by reduced blood flow to an area of the body which can
then cause cellular injury through the generation of reactive oxygen species (ROS),
activation of inflammation, and induction of apoptosis. Although rapid reestablishment of
flow isrequired to prevent organ death, the reperfusion phase of thisinjury can cause its
own del eterious effects often exacerbating the initial insult. The combined action of the
two injuries is termed ischemia/reperfusion (I/R) injury. Oxidative stress that results from
ischemia/reperfusion injury is a common pathological condition that accompanies many
human diseases including stroke, heart attack and traumatic injury. In addition,
neurodegenerative diseases including Parkinson’s, Alzheimer’s, and Huntington’ s disease
appear to involve oxidative stress.

Although actively investigated by the medical and pharmaceutical industry;
limited progress has been made to ameliorate I/R injury and to date there is no drug

approved for treatment for I/R injury. Therapeutic approaches to treat I/R injury have
Vi



included the administration of compounds to scavenge ROS or induce protective
pathways or genetic responses. It was previously reported that caffeic acid phenethyl
ester (CAPE), a plant-derived polyphenol, displayed cytoprotective effects against
menadione (MD)-induced oxidative stress in human umbilical vein endothelia cells
(HUVEC), and the induction of heme oxygenase-1 (HMOX1), a phase Il enzyme, played
an important role for CAPE cytoprotection.

In an effort to improve this cytoprotection, other phase Il enzyme inducers were
investigated and, 2-cyano-3,12 dioxooleana-1,9 dien-28-imidazolide (CDDO-Im) and 2-
cyano-3,12-dioxooleana-1,9-dien-28-oyl methyl ester (CDDO-Me), were found to be
potent inducers with arapid onset of action. CDDO-Im and CDDO-Me, synthetic olenane
triterpenoids, developed as anticancer agents were compared to CAPE revealing that
CDDO-Im was a more potent inducer of Phase Il enzymes including HMOX1 and
provided better cytoprotection than CAPE. Gene expression profiling showed that
CDDO-Im was more potent inducer of protective genes like HMOX1 than CAPE and
additionally induced heat shock proteins. To better understand the mechanism of action
of CDDO-IM, a gene expression time-course was undertaken to identify early initiators
of the transcriptional response preceding cytoprotection. Application of systems

pharmacol ogy identified molecular networks of cell mediating processes.
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STATEMENT OF OBJECTIVESAND SIGNIFICANCE OF
RESEARCH

This dissertation is the result of efforts directed towards drug discovery to
ameliorate the oxidative stress that accompanies ischemialreperfusion (I/R) injury.
Derivatives of CDDO were chosen as they are potent and rapid phase || enzyme inducers.
It was established that they are potent cytoprotective agents and the mechanisms of action
was investigated by a systems biology and network analysis approach to better
understand the mechanism of cytoprotection and form a basis for further reduction in the

sequel ae of oxidative stress.

The following objectives were followed during the course of this research project:

1. Establish an in vitro cytoprotection assay of CDDO derivatives against

oxidative stress-induced injury in human umbilical endothelia cells that

simulates I/R injury;

2. Compare cytoprotection and gene expression profiles between CAPE and

CDDO-Im;

3. Evauate the role of HMOX1 induction in cytoprotection provided by CDDO

derivatives;

4. Compare structure activity relationships from a cytoprotection and gene

expression approach between CDDO-Me and CDDO-Im;



5. Investigate transcriptiona kinetics of CDDO-Im by utilizing time course gene
expression;

6. Integrate a systems pharmacology approach combined with gene expression
and network analysis to investigate the mechanisms of action in a drug
discovery model using CDDO-1m;

7. Integrate  systems  pharmacology  with  pharmacokinetics  and

pharmacodynamics in drug discovery and devel opment.

Ischemia reperfusion injury (I/R) has been hypothesized to be caused by an initia
reduction in oxygen and nutrients to tissues and the subsequent damage caused by
reintroduction of blood flow to affected tissues. Ischemia, initially a blockage or
reduction of blood flow results in damage to tissues. Paradoxically, the reintroduction of
blood flow to the affected tissues initiates a cascade of events that often cause increased
damage. Reperfusion of blood and oxygen to previously ischemic tissues or organs has
been shown to cause increases in cellular damage and accelerate damaging free radical
generation. Reactive oxygen species (ROS) have been implicated in wide array of I/R
related injuries including organ transplantation, traumatic injury, and heart disease.
Studies have shown that I/R injury initiate inflammatory processes on the endothelial
surface of the vasculature through production of ROS. In vitro and in vivo studies have
shown that endothelial cells exposed to hypoxia/oxygenation generates ROS and causes
up-regulation of genes such as E-selectin, ICAM-1 and leukocyte adhesion molecules and
additionally causes neutrophil adherence. During I/R injury endogenous mechanisms that
provide cellular protection against free radica damage become depleted and

overwhelmed.



Several studies support the claim that oxidant stress accompanies I/R injury and
that administration of antioxidants and compounds that ameliorate oxidant stress reduces
the degree of injury and aids in overall recovery and protection of such damage. Caffeic
Acid Phenethyl Acid (CAPE) is one such compound that has been shown to have
beneficial effects in reducing damage associated with I/R injury in cellular models as
well as rabbits and rats models of I/R injury. Studies, including our own, have shown that
induction of the gene, heme oxygenase-l (HMOX1), plays a critica role in the
cytoprotection provided by CAPE [1, 2].

This dissertation is a result of research aimed at discovering compounds that
protect against oxidant stress. Based on the correlation that induction of HMOX1 is
associated with cytoprotection, other compounds have been screened for induction of
HMOX1 and two such compounds, 1[2-Cyano-3,12-dioxooleana-1,9(11)-dien-28-
oyl]limidazole (CDDO-Im) and the C28 methyl ester derivative (CDDO-Me), are the
subjects of the current research presented here. CDDO-Im and CDDO-Me are synthetic
derivatives of oleanolic acid that have recently been shown to possess potent anti-
inflammatory properties as well inhibit proliferation and induce differentiation in various
cancer cells. CDDO-Im and CDDO-Me additionaly have been shown to be strong
activators of the gene, nuclear factor (erythroid-derived 2)-like 2 (Nrf2) that is involved
in an antioxidant induced pathway. The hypothesis was tested that better inducers of
cytoprotective genes such as HMOX1, through the Nrf2 pathway, would offer extended
protection against oxidant stress-induced damage. A comprehensive study of potent
inducers of protective genes by compounds such as CDDO derivatives could provide a
better understanding of underlying mechanisms of action and offer a modd for future

drug screening and drug design from an integrated systems biology approach.



CHAPTER 1

Background and Literature Review

1.1 | SCHEMIA, REPERFUSION, AND | SCHEMIA/REPERFUSION INJURY

Ischemialreperfusion (I/R) injury plays a role in several conditions such as
cardiovascular disease including myocardia infarction and stroke and contribute to the
leading causes of death worldwide [3-5]. The ischemia aspect of this injury is largely
defined by areduction of oxygen supply either to awhole organ or in specific tissue areas
which also results in loss of nutrients and the inability to remove waste products leading
to irreversible cellular damage. In the case of cardiovascular disease the interruption of
blood flow due to arterial occlusion can cause ischemia to affected vessels or can be

caused by insufficient ability to pump appropriate volumes of blood [6].

1.2 MECHANISM OF | SCHEMIA/REPERFUSION I NJURY

Mammalian cells are constantly exposed to reactive oxygen species (ROS)
generated from oxidase systems, mitochondria metabolism, and externa sources (e.g. UV
irradiation, xenobiotics) [7, 8]. ROS at low concentrations serve as important signaling
messengers in the processes of cell division, inflammation, and stress response [9]. Under
normal conditions, cells can neutralize extra ROS through redox reactions with
intracellular antioxidants. These self-defense mechanisms help protect cells from
oxidative damage and maintain a redox homeostasis of the cell. However, sustained

production of oxidants (pro-oxidants or ROS) rather than counter balancing cellular
4



reductants (antioxidants) leads to oxidative stress. ROS can attack cellular components
causing oxidative damage to constituents of cell membranes, lipids, proteins, and DNA.
Damage to lipids and proteins will lead to lipid peroxidation, protein degradation,
fragmentation, modification, and inactivation. Although DNA is relatively protected and
stable, it can still be attacked by ROS resulting in modification of DNA bases, single- and
double-strand breaks, and damage to DNA repair system [10]. The oxidative damage
generated by ROS overproduction exacerbates cardiovascular diseases, cancer, diabetes,
chronic inflammation, stroke, septic shock, and neurodegenerative diseases [8, 11]. In

addition, the theory of free radicals remains a major contributor to aging [12].
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1.3 MoDEL CELL TYPE FOR CYTOPROTECTION

Endothelia cells (EC) are an active component of the vessel wall and play a
critical role in maintaining structure and function. Additionaly, EC are key modulatorsin
response to I/R injury [14, 15]. EC have been shown to be an active source of ROS in
response to I/R injury [16]; in addition to expressing pro-inflammatory properties they
also play a role in the recruitment of neutrophils which are known to cause cellular
damage [17]. Studies have shown that EC exposed to periods of hypoxia and
reoxygenation generates an oxidative stress that simulates in vivo conditions of I/R injury
[18]. EC are one of the first cell types to be affected during I/R injury and for that reason

provide arelevant in vitro model for the study of treatments against I/R injury.

Endothelia cells form the inner lining of all blood vessels, and at the level of the
capillary individual cells form tubes that allows for the movement of blood to all tissues.
No cell in a mammalian organ is more than 100 microns from a capillary. The total
number of endothelial cellsis estimated to be 1 kg in an average-sized human covering a
total surface area of 4000-7000 m? [19]. The endothelium was long thought to provide
only an inert cell layer but is has turned out to be a highly metabolically active cell,
participating in many homeostatic processes, including control of vasomotor tone,
trafficking of cells and nutrients, maintenance of blood fluidity, regulation of
permeability, and formation of new blood vessels [20]. However, the endothelium is a
highly distributed tissue and efforts to understand endothelia specific characteristics have

largely relied on isolation and study of endothelial cells from specific organs.



The human umbilical vein endothelia cell (HUVEC), exhibits many of the general
properties of human endothelial cells, is readily available and is the best studied of
human endothelial cells.

Menadione (MD), a synthetic quinone, belongs to the vitamin K family and has
extensively been used as a means for evaluating the cellular effects of oxidative stressin
endothelia cells [21, 22]. The primary mechanism of menadione-induced cytotoxicity is
through the stimulation of ROS generation by redox cycling, largely dependent on the
single electron reduction of O, that generates superoxide. The superoxide anion produced
by this process is dismutated and forms hydrogen peroxide primarily through the
enzymatic reaction with superoxide dismutase which further participates in Fenton
reactions to produce hydroxyl radicals [23]. Studies done in our lab demonstrate the
effects of cell damage induced by MD toxicity compared to normal HUVEC cultures and

areshownin Figure 1.2.



Figure1.2: Oxidative stress-induced cytotoxicity in HUVEC after 24 h MD treatment.
(A) Confluent HUVEC treated with control (DM SO). (B) HUVEC treated
with 25 uM MD; rounded up cells demonstrate apoptosis of the cells.



14 ROLE OF ANTIOXIDANTSIN I/R INJURY TREATMENT

Proposed treatments of I/R injury have largely involved blocking the formation of
ROS or scavenging ROS after they have been formed. The pathology of I/R injury has
been defined by ROS-induced oxidative stress; the use of compounds with antioxidant
activity have extensively been studied to ameliorate I/R injury [24, 25]. Over the last 25
years numerous types of interventions have been studied for the treatment of I/R injury,
however, to date there is no approved treatment for I/R injury except restoring flow to
hypoperfused vascular beds [26-28].

Glutathione is a molecule comprised of glycine, glutamine, and cysteine and is an
essential part of cellular antioxidant defense systems. Glutathione is the substrate used by
the enzyme glutathione peroxidase and has been tested as a potential therapeutic against
I/R injury. Glutathione has been reported to have antioxidant properties and may act as a
metal chelator (including iron, copper, mercury, and cadmium) and hydroxyl radical
scavenger. Studies have shown that when glutathione is given exogenously it cannot
penetrate cell membranes [29]. Endogenous production of glutathione is limited by the
amino acid cysteine. N-acetylcysteine (NAC) has been reported to alow continued
production of glutathione [30, 31]. NAC, alow molecular weight thiol antioxidant, also
reacts with hydrogen peroxide and decreases production of hydroxyl radicals. Reported
protective effects of NAC include radiation-induced injury, lung injury caused by toxic
gas, and cardiac protection during ischemia[32-34].

Vitamin C, ascorbic acid, is a water-soluble vitamin that allows for regeneration
of Vitamin E and provides antioxidant effects. While vitamin C has been shown to
attenuate endothelial dysfunction in humans through its ability to act as a superoxide

scavenger, it appears that vitamin C must be given in very high concentrations to be
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effective [35]. Additionally, vitamin C has been shown to act as a pro-oxidant during
ischemic conditions by providing more ferrous iron for the generation of hydroxyl
radicals [36]. However, clinica trials with vitamin E and C have not yielded a reduction
in mortality from heart disease [37, 38].

Recently, there has been a renewed interest in the use of plant-derived products
that exhibit antioxidant activity. Curcumin is the active ingredient of turmeric; the Indian
spice has been used to treat inflammatory disorders for hundreds of years [39]. Curcumin
is one of the most studied natural compounds to date and reports show a wide variety of
actions including anti-inflammatory, antibacterial and antioxidant [40]. The anti-
inflammatory/antioxidant mechanisms have been shown to work by inhibiting pro-
inflammatory signaling cascades such as Nuclear Factor of Kappa Light Polypeptide
Gene Enhancer in B-Cells (NFkB).

NF«kB and mitogen-activated protein kinase (MAPK) act through the induction of
several genes such as tumor necrosis factor alpha (TNF-a), interleukin-1 beta (IL-1p),
and intercellular adhesion molecule 1 (ICAM-1); athough severa studies indicate that
curcumin, like many plant-derived compounds, work through multiple modes to provide
protection [41, 42]. Resveratrol possesses similar multiple modes of actions as curcumin
such as anti-inflammatory, antioxidant and chemoprevention.

Resveratrol can be found in a number of plants and red wine and has been shown
to similarly involve the NFkB pathway as well as the sirtuin 1 (SIRT1) gene [43]. While
resveratrol has been shown to have poor bioavailability there are a number of groups
working to improve its performance [44, 45]. Quercetin, aflavonoid found in many fruits
and vegetables, has aso shown initial promise in providing anti-inflammatory benefits

including protection against I/R related pathologies in cerebral and cardiac tissues [46].
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While these compounds are active; in vitro studies with cultured cells and
bioavailability, in particular by the oral route, appear to suggest limits to the potential
benefit offered by this class of compounds [47]. In genera, reports of reduction in I/R
injury of such compounds have been through IP or IV injection. Understanding the role
of potential therapeutic agents for the treatment of I/R injury needs to take into account
not only the action of the compound of interest, but a more complete understanding of the
I/R injury process [48]. The study of these types of compounds through an integrated
systems biology approach will alow for more focused treatments of I/R injury as well as

management of other diseases.

15  CAFFEIC ACID PHENETHYL ESTER (CAPE)

Previous work in our laboratories has investigated the cytoprotective activity of
caffeic acid phenethyl ester (CAPE) and chemical modifications to improve this activity
[1, 49, 50]. CAPE has been cited numerous times in the literature as a protectant against
I/R induced injuries [51, 52]. CAPE is a polyphenolic plant-derived compound that is
naturally concentrated in honeybee propolis (Figure 1.3A). Propolis has been used in folk
medicine in many cultures to treat various diseases and has been reported to possess
antifungal, antioxidant, antibacterial and other benefits. Flavonoids extracted from
propolis have been shown to protect against various models of I/R injury; CAPE has been
tested in numerous models of I/R injury in various tissues and organs [53-55]. Sud’ina et
al. report that when 10 pmol of CAPE was administered to human neutrophils it
completely blocked production of ROS [56]. Another study reports that CAPE provided
beneficial effects against I/R induced injuries in rat skeletal muscle [55]. When 50
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pmol/kg of CAPE was given to rats with an occluded coronary artery 10 minutes before
initiation of ischemia, CAPE was shown to protect against I/R injury through potent
scavenging of free radicals in the heart [57]. Additional studies have demonstrated the
ability of CAPE to ameliorate I/R injury in spinal cord, testes, and kidneys [52, 58, 59].

CAPE has aso been shown to affect transcriptional activity in a manner similar to
other phytochemicas such as resveratrol and curcumin [60, 61]. Several mechanisms
have been proposed for the different beneficial effects that have been reported. In an
anticancer or tumor model CAPE has been used either to reduce or induce oxidative
stress largely through the alteration of redox balance in these cellg[62]. In these models
the dose dependency was shown to be important [63, 64]. Reports have shown that CAPE
can inhibit angiogenic activity of metalloproteinases in different cancer cells [65]. In the
anticancer field it has also been demonstrated that it inhibits the transcription factor
NF«B and Fas. Other reports show that activation of kinases such as ERK and MAPK by
CAPE are involved in tumor suppression [66, 67].

Anti-inflammatory and antioxidant properties of CAPE have largely been shown
to function through transcriptional signaling and involvement of multiple pathways.
Involvement of the NF«B, like the anticancer mechanism, seems to be the main
mechanism responsible for anti-inflammatory properties of CAPE [68, 69]. NFxB
transcriptionally mediates the expression of proinflammatory cytokines, adhesion
molecules, chemokines and enzymes such as inducible nitric oxide synthase. Mediators
of the proinflammatory response such as IL-13 and TNF-a are regulated by NFkB and
through regulatory feedback loop can directly activate the NFxB pathway, further
exacerbating inflammation and its response. Many other inflammatory diseases are
associated with NFkB activation including inflammatory bowel disease and rheumatoid

arthritis[70, 71].
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Studies have shown that CAPE and similar derivatives such as caffeic acid
phenethyl amide (CAPA-Figure 1.3B) provides inhibition of NFkB activation in a variety
of different models [50, 72-74]. Berger et al. showed reported that CAPE exhibit
beneficial effectsin B-lymphoma cell lines as well as non-B-cell lines through its ability
to inhibit the NFkB pathway by specific binding to targets of NFkB [75]. Inhibition of
NF«kB activation by CAPE has also been confirmed in studies with U937 cells, rat
macrophages and peptidoglycan polysaccharide-induced colitisin rats [76-78].

The direct antioxidant capacity of CAPE was compared by Son et al. against
seven other potentia antioxidants including caffeic acid and trolox and revealed that
CAPE exhibited the highest antioxidative activity as well as exhibiting high scavenging
activity [79]. The group performed structure-activity studies and revealed that antioxidant
activity of the tested compounds was directly correlated by both the number of hydroxyl
groups and catechol rings as well as the hydrophobicity of the compounds; the structure
of CAPE is shown in (Figure 1.3). Recent work by our own group with CAPE treated
human umbilical vein endothelia cells (HUVEC) confirms the direct antioxidant ability
of CAPE as one possible mechanism for cytoprotection [1, 49].

While CAPE has widely been reported to have direct antioxidant capacity recent
studies aso implicate a more indirect antioxidant effect. Studies have shown that CAPE
and other compounds like it induce antioxidant or detoxifying phase Il enzymes [61, 80].
The phase Il system is a well-known response to oxidative stress such as those incurred
during an I/R injury; the phase Il system functions through activation of a key set of
enzymes such as NAD(P)H dehydrogenase, quinone 1 (NQO1) which is located on
chromosome 16, and heme oxygenase-1 (HMOX1) on chromosome 22. This set of
enzymes/genes has been reported to be activated through transcriptional factor Nuclear

Factor, erythroid derived 2 (Nrf2) located on chromosome 2 and antioxidant-responsive
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element (ARE) signaling pathways [81, 82]. CAPE and other natural compounds often
are eliminated through metabolism in vivo; the compounds may only offer minimal
concentrations of active ingredients and possibly limit the scavenging or direct
antioxidant abilities. Mechanisms of such compounds that additionally function through
more indirect antioxidant effects such as transcriptional activation might provide better
cytoprotective profiles.

Recently, CAPE has been identified as a proficient inducer of heme oxygenase-1
(HMOX1) by our lab; confirming other groups findings that demonstrate that CAPE
provides significant protection against oxidative stress-induced damage through cellular
signaling functions [2]. These results establish the basis for use of novel therapeutic

treatments with potent inducers of cytoprotective genes such as HMOX1.
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Figure1.3: A) Structure of Caffeic Acid Phenethyl Ester (CAPE) showing two hydroxyl
groups on the catechalic ring. B) Structure of Caffeic Acid Phenethyl Amide
(CAPA) an amide group addition.

16



16  HEME OXYGENASE-1(HMOX1)

Heme oxygenase-1 (HMOX1) is a stress-responsive enzyme that degrades free
heme into carbon monoxide. Equimolar amounts of three products are yielded through
the heme degradation: carbon monoxide (CO), iron, which further induces the expression
of heavy-chain (H-) ferritin (iron-sequestering protein), and biliverdin which is converted
by biliverdin reductase to bilirubin. While HMOX21 contributes to several aspects that
provide its broad effects in protection against a varying amount of disease models, the
main biological function seems to be modulating the accumulation of deleterious free
heme [83].

HMOX1 expression is induced by a wide variety of stimuli including the stress
response [84]. The induction of HMOX1 by avariety of stimuli isrelated to the variety of
DNA binding sites in the promoter region of the HMOX1 gene [85]. The heme
degradation products produced by HMOXZ1 activity, CO, iron and biliverdin, additionally
provide beneficia effects alone or in combination through their respective anti-
inflammatory and antioxidant properties [86].

Three distinct isoforms of heme oxygenase (HO):HMOX1, HO-2 and HO-3 have
been identified. Along with the inducible HMOX1 form, HO-2 is the constitutive isoform
that is present in relatively smal amounts in most tissues. HO-3 has recently been
identified, but only in rats and its biological role still remains unclear [87]. The role of
HMOX1 in I/R injury has been studied and reports indicate that the HMOX1 system may
play arolein the I/R response and could provide a new target for new treatments of this
condition [53, 88].

Issan et al. reported that HMOX1 induction improved cardiac function following
myocardial ischemia by reducing oxidative stress [89]. Studies have also shown that 24 h
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ischemic post conditioning can protect an organ from I/R injury; furthermore, inhibition
by commonly used HMOXZ1 inhibitors such as zinc protoporphyrin confirmed the
importance of HMOXZ1 in protection against rat hepatic I/R injury as protection was seen
to be negated when HMOX1 expression was inhibited [90]. HMOX1 has further been
shown to protect against I/R related injuries in many other models such as protection of
rat kidney transplants from I/R injury [91], cerebral ischemia models [92, 93], acute
pancreatitis[94], amelioration of HIV-1 viaHMOX1 induction [95] and severa forms of
I/R induced hypertension [96-98].

1.7  1[2-CYANO-3,12-DIOXOOLEANA-1,9(11)-DIEN-28-0YL] (CDDO) AND ITS
DERIVATIVES

Naturally-derived products have been an invaluable source of novel compounds
for treatment of many diseases including I/R injury. Naturaly occurring substances are
created by complex reactions and thus contain chemica structures that are difficult to
synthesize in the laboratory; for this reason they represent an invaluable source of starting
materials for drug development [99, 100]. Triterpenoids represent an example of such
compounds [101]. Widely present in many foods and plants, including olive oil and
garlic, oleanolic acid (OA) is a naturally occurring triterpenoid formed by the cyclization
of squalene. Oleanolic acid has been used in traditional medicine for years and reports of
its anti-inflammatory and anti-proliferative properties, while weak, have been known to
be beneficial [102]. Researchers became interested in these properties and began to test

whether these activities could be optimized by further modifications to their structures; in
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1996 Michael Sporn and colleagues at Dartmouth College began to synthesize novel
compounds for the purposes of prevention and treatment of cancer [103].

Over the last 18 years hundreds of derivatives have been synthesized from
oleanolic acid as well as similar compounds such as ursolic and betulinic acids [103-106].
2-cyano-3,12-dixooleanal,9(11)-dien-28-oic acid (CDDO), a synthetic derivative of
oleanolic acid, was first synthesized in 1998 by Tadashi Honda in the Chemistry
Department at Dartmouth College. The synthesis of this molecule represented a
significant advance towards the optimization of triterpenoids in providing potent anti-
inflammatory and growth suppressive properties. Initially designed for use in cancer
treatment it was shown that for inhibition of de novo iINOS expression which produces
nitric oxide as a defensive mechanism in IFN-y stimulated primary mouse macrophages,
CDDO was determined to be 100,000 times more potent than oleanolic acid [107].

From the synthesis of the origind set of molecules by Sporn et al. by
modifications of oleanolic acid, it was determined that the conversion of OA from the 3-
OH acohol group to a 1-ene-3-one resulted in the increased inhibition of iINOS induction.
Continued derivitization resulted in creation of a di-enone, increasing the potency by 30
and 10-fold respectively. Finally, two intermediate compounds were combined to creste
the final molecule in the synthesis, aso called CDDO. From the starting material of OA
to the creation of CDDO 11 steps were involved [104].

In an effort to maximize the pharmacokinetic profile of the synthetic triterpenoids
and further increase potency a series of C28 derivatives of CDDO were synthesized and
tested [104]. Two of these compounds, the C28 imidazolide of CDDO 1[2-Cyano-3,12-
dioxooleana-1,9(11)-dien-28-oyl]imidazole (CDDO-Im) and the C28 methyl ester
derivative (CDDO-Me), have demonstrated increased activity to CDDO in a variety of

assays and models [108-110]. The design of these two compounds had the goal of
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providing additional protection to the C28 carboxylic acid (COOH) group and to
potentially optimize the pharmacokinetics of the molecule partially through the formation
of compounds that were capable of acetylating a protein target. The addition of the
imidazole and later the methyl ester form were done so as to act as aleaving group when
reacting with protein targets, potentially forming a covalent bond between the target and
the triterpenoid. This approach has been performed before with beneficia results, such as
in the generation of retinoyl imidazolide [111]. The imidazolide addition is generally an
intermediate step in the synthesis of ester forms because the imidazole can act as a
leaving group in reactions with alcohols [112, 113]. Structures of CDDO, CDDO-Im, and
CDDO-Me are shown in Figure 1.4 (A-C).
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Figure 1.4: Structures of A) CDDO, B) CDDO-Im, and C) CDDO-Me.
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The high potency of CDDO and its derivatives have enabled their use in a number
of diverse studies, many of which have been focused on determining the mechanism of
action. One of the first published studies involving CDDO and it mechanism of action
was done by Wang et al. who used 3T3-L1 cells to show that CDDO induced adipocytic
differentiation and establish that both CDDO and CDDO-Me were ligands for the
peroxisome proliferator-activated receptor y (PPARY) [110]. While CDDO and CDDO-
Me had similar affinity for the receptor it was shown that CDDO was a partia agonist for
the PPARY receptor, but CDDO-Me was an antagonist; this difference was hypothesized
to be the reason for the difference in observed effect. CDDO-Me potentially had a better
ability to recruit the coactivator CREB-binding protein to PPARYy; a known protective
pathway involved in inflammation [114].

CDDO and many of its derivatives have been used in numerous disease models.
Specific use of these potent compounds relies heavily on the desired effect one is hoping
to achieve and appears to be both time and concentration dependent. When these
compounds are used in cancer treatment higher doses have been shown to induce
apoptosis and differentiation [109, 115-117]. CDDO has further been tested in Phase |
studies in advanced solid tumors [118] with seven patients receiving CDDO from dose
ranges of 0.6 to 38.4 mg/m?/h. One patient at the highest dose level experienced grade 2
mucositis, nausea and vomiting while four other patients developed thromboembolic
events subsequently considered as dose-limiting toxicity. Additionally, no antitumor
activity was noted; this study highlights the importance of dose range when using such
drugs. In contrast, studies have also shown promising results with the use of these
synthetic triterpenoids including inhibition of tumor cell growth in chordoma [119],
suppression of liver metastasis [120], use for solid cancer prevention [121] and treatment,

pancreatic cancer treatment [122] and breast cancer [123].
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Along with use of synthetic triterpenoids in cancer treatment several studies have
utilized the compounds in novel areas of treatment such as the use of CDDO-Im for the
improvement of platelet production [124]. In this study it was shown that CDDO-Im
induces megakaryocytic differentiation of normal progenitor cells and could potentialy
be used to increase platelets in patients with such deficiencies. In another study Reddy et
al. showed that CDDO-Im given to mice orally at a dose of 30 uM/kg body weight
during hyperoxic exposure was sufficient to attenuate hyperoxia-induced acute lung
injury and was related to up-regulation of Nrf2-regulated cytoprotection [125]. CDDO-
Im has aso been reported to attenuate cigarette-induced emphysema and cardiac
dysfunction in mice, again through mediation of Nrf2 [126] while CDDO-Me has
recently been shown to protect against space radiation-induced transformation of human
colon epithelial cells[127].

CDDO-Me was recently tested for its ability to mitigate moderate-to-severe
chronic kidney disease. Pergola et al. showed that oral treatment of patients with CDDO-
Me over severd weeks saw a significant increase in glomerular filtration rate when
compared to baseline [128, 129]. The group attributed elevated glomerular filtration rate
to a decrease in inflammation and oxidative stress. However, a follow-up clinical tria
was recently stopped due to adverse outcomes in the long-term CDDO-Me treated
patients. In more acute treatments with CDDO-Me other groups have shown more
promising results including protection against ischemic acute kidney disease [130].
Recently Liu et al. showed the CDDO-Im protects kidneys from ischemia-reperfusion
injury in mice and protection was achieved through activation of the Nrf2 pathway [131].
Furthermore, the group showed that protection against acute kidney ischemiawas lost in
Nrf2-deficient mice, implying that the mechanism of CDDO-Im action in that specific

model was primarily modulated through Nrf2. Others studies, including our own recent
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work, have shown that while Nrf2 is a mgor contributor to cytoprotection, other cellular
processes contribute in an Nrf2-independent fashion to confer cytoprotection in various
models [132-134]. While some of the above mentioned studies have convincingly shown
that both CDDO-Me and CDDO-Im offer better protection than CDDO, the mechanism
and differences between CDDO-Im and CDDO-Me are still unclear and isinvestigated in
this dissertation. In particular the study of these compounds in an oxidative stress-
induced model from a systems pharmacology standpoint may provide insights into
mechanisms of action and compare these synthetic triterpenoids with other compoundsin
an effort to find a treatment that can maximize the cytoprotective effect in a relevant
model for the benefit of I/R injury treatment and furthermore, screen for compounds that

initiate their protective effects rapidly to maximize their potential benefits post-injury.

1.8 SYSTEMSPHARMACOLOGY

"Systems biology...is about putting together rather than taking apart, integration
rather than reduction. It requires that we develop ways of thinking about integration that
are as rigorous as our reductionist programmes, but different....It means changing our

philosophy, in the full sense of the term” -Denis Noble, The Music of Life [135]

The conceptua framework of the scientific method has been continuously
evolving and this can be seen by considering the history of science. In the 17" century the
idea of reductionism was presented by Rene Descartes (1596-1650). Descartes proposed
that complex situations could be analyzed by reducing them to manageable pieces and

studying each in turn; further he asserted that by reassembling the whole from the
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behavior of the pieces was an appropriate way of handling such complex matters [136].
While Descartes' principles were developed in atime when biology was in its infancy the
reductionist concepts were applied to mathematics and physics including Isaac Newton's
work describing planetary movements and gravity which helped strengthen the
reductionist theories. Reductionist approaches in the biological sciences in the 20"
century formed the basis for major advances in our understanding of biology and are still
much used today; however, it is subject to significant limitations. Jan Smuts (1870-1950)
revived Aristotle's views that “the whole is something over and above its parts and not
just the sum of them all” [137]. Smuts, a naturalist and philosopher, coined the term
holism. He established that whole systems including cells, tissues, and organisms were
proposed to have emergent and unique properties. Smuts theories laid the groundwork
for the idea that it was impractica to try and reassemble the behavior of the whole from
individual components and that new technologies must be explored to describe and
understand the complexity of biological systems.

While aspects of systems biology have been utilized in part for hundreds of years;
it’s not until the completion of the Human Genome Project in 2003 that biology entered a
profound new era. This revolution in science led to the development of high-throughput
technologies that were capable of generating massive amounts of data about complex
systems [138, 139]. While these and other molecular biology technologies have
uncovered vast numbers of biological data such as novel genome sequences and proteins;
by themselves they are insufficient for interpreting biological systems.

The decoding of the human genome in 2003 and development of genomic
technology such as microarrays and RNA-seq have provided an opportunity to ook at the
activity of virtualy every gene in response to a perturbation. Specificaly, gene

expression profiling by whole genome microarray or RNA-seq can interrogate al genes
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that might be changing following a perturbation. Proteomic techniques to analyze large
numbers of proteins ssimultaneously are also being developed using high performance
liquid chromatography with tandem mass spectrometry to similarly determine the
proteome. The goa of systems biology is to combine this experimentally-derived data
with computational biology. The amalgamation of the two provides the framework for
generating hypothesis and prediction-based in silico simulation of biological systems
across time scale and multiple distances of an organism.

Efforts to ameliorate I/R injury have been ongoing for more than 50 years; the
lack of an approved therapeutic drug for treatment may be a result of an incomplete
understanding of the problem [140-143]. I/R injury is a complex disease that involves
multiple pathophysiologies including oxidant stress [144]. A system that involves such a
dynamic response to an injury must take into account the globa response to adequately
understand the whole issue in hopes of designing better drugs that provide improved
outcomes of such an injury.

Biological systems are complex and dynamic; systems biology is an approach that
aims to understand the complexity of biological systems in order to develop predictive
models that focus on the most important aspects of the system that may be used to treat
human disease [145]. Systems biology is the integration of information that quantifies
behaviors of interactions between components from data obtai ned from technol ogies such
as genomics, proteomics, and metabolomics through the use of mathematical and
computational modeling to describe and predict complex biologica systems.
Additionally, this integration of computational and experimenta research that forms the
basis of systems biology seeks to further explore these interactions to explain the global

and dynamic nature of complex behavior in biological systems.
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Systems pharmacology is an emerging discipline that combines systems biology
with pharmacology in an attempt to understand the actions of drugs on a global scale
[146]. The drug becomes the perturbation of the system that is quantified to better
understand the system and the consequences of the drug on that system [147, 148].
Systems pharmacology combines high-throughput genomics and proteomics of drugs in
cellular models with computation and modeling software that enables a more complete

analysis of drug action and known biological networks [149].

1.9 NETWORK ANALYSESIN DRUG ACTION STUDIES

Network andysisis utilized in systems biology to represent molecular interactions
as networks depicting integrated data with graph analysis for biological interaction
studies. Network analysis allows for predictive modeling of novel gene, protein, and
functional interactions based on a vast network of prior knowledge. In drug action studies
these approaches are often combined with specific drug data such as structure,
pharmacokinetic, and pharmacodynamics (PK/PD) studies to accelerate the drug
discovery process as well asincreasing the overall chances of drug success. Incorporation
of network analyses has become an emerging tool for increasing the understanding of
rel ationships between disease susceptibility genes and drug action [150].

A network is a way of representing highly dimensional biological data by
emphasizing the relationships between entities termed nodes [151]. Combining network
and pathway anayses along with data from pharmacokinetic and pharmacodynamics
studies enables advanced modeling for the study of new drugs, potential adverse effects,

and increased data on therapeutic efficacy. The integration of network analysis with
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systems pharmacology offers profound implications in drug discovery; mainly instead of
the classical approach of searching for single “effector” genes, systems pharmacology
allows for identification of changes from a globa “effector-causing network” (Figure
1.5).

Nodes can represent objects such as genes, proteins, small molecules, disease, or
any other entity capable of being modeled in a complex system. Nodes in a network can
have various attributes and connotations; furthermore, they can have exist as different
states in the system such as active or inactive or be combined with differential equations
to be used in modeling pharmacokinetic and pharmacodynamics data of a system.

In a complex system nodes are connected to each other through what is termed
edges. Edges represent the interactions between the nodes and can represent interactions
such as drug-target interactions, protein-protein interactions, and transcriptional
regulation [152]. Edges can have weight, direction, and other meaning to provide
information in the network in a hierarchical perspective. The flexibility of the varied
types of complex interactions that can be modeled in network analyses allows for explicit
tracking of drug affects in a system. The edges in any given network can further be
directed, for example, a source node that causes an effect on a target node that only exists
in one direction. An example of such a network is the activation of a transcription factor
by a protein kinase and the regulation of a target gene by that transcription factor. In
contrast, edges can also exist as undirected in which interactions occur in multiple
directions. Examples of undirected edge networks are interactions between proteins and

their scaffolds.
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Figure 1.5: Evolution of network studies. (A) Classica view of drug action studies
depicting separate pathways affecting therapeutic and side effects of a
system after treatment with a drug. (B) Systems pharmacology approach
towards drug action showing the dependence on a complex network that
mediates the response of adrug (Modified [153]).
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1.10 BRIDGING PK/PD WITH SYSTEMS PHARMACOLOGY

Lack of predictable clinica efficacy and safety is an increasing problem facing
the pharmaceutical industry today. Pharmacokinetic-pharmacodynamic (PK/PD)
modelling approaches have played a crucial role in clinical research and development for
decades. In more recent years, the integration of PK/PD and model-based drug
development and drug discovery has been advocated by both the pharmaceutical industry
and regulatory agencies [154]. This integrated approach links mechanistic PK/PD data
from the exposure of a drug to physiological pathways, modulation of pharmacological
targets, and disease systems to better develop unified data of drug action at different
stages of drug discovery and development, thus providing a more robust framework for
tranglational drug research. Attrition in Phase Il clinical trialsis a serious concern facing
successful development of new innovative therapies today and has largely been attributed
the lack of trandlation of efficacy and safety from preclinical studies to actua human
physiology; implementation of strategies such as combining PK/PD data and systems
pharmacology could have significant impact on the overall success and efficiency of
pharmaceutical research [155].

Conventional PK/PD approaches rely largely on empirical, descriptive models
that can have limited predictive capabilities, especially in evolving therapeutics such as
biologics [156]. A key difference between classical PK/PD approaches and more
mechanism-based approaches is the incorporation of specific data pertaining to processes
from drug administration to actual effect as well as methods for defining distinct data
obtained from drug-specific and system-specific sources. PK/PD parameters obtained
from system-specific sources include cell life-span, target and biomarker abundance,

organ and tissue blood flow rates, and feed-back mechanisms. Sources for system related
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data of a drug are commonly mined from the literature or prior experimentation and
through advanced bioinformatic software incorporated into the model containing
corresponding PK/PD data. In contrast, drug-specific sources of data integrated into this
mechanism-based approach include PK parameters such as clearance, and volume of
distribution as well as pharmacological data such as affinity and efficacy.

In 2011 the NIH published a white paper discussing the results of two NIH
initiated workshops comprised of academia, industry, and government experts for the
purpose of determining the best way to integrate advanced systems biology principles and
pharmacology [157]. The goal of the workshops and the white paper was to determine
whether a merger of pharmacology and systems biology could advance the devel opment,
discovery, and clinical use of therapeutic drugs. The initiative defined the process as a
discipline termed * quantitative and systems pharmacology” (QSP).

QSP was further defined as an integrated approach to translational medicine that
combines experimental and computational methods to elucidate, validate, and apply new
pharmacological concepts for determining mechanism of action, creating knowledge
needed for complex systems to improve therapeutic benefits while reducing toxicity, and
implement a“precision medicine” approach to improve overal health of patients.

The findings by the group identified an urgent need for change in classical
pharmacology approaches and suggested the integration of concepts, methods, and
investigators from computational biology, systems biology, Systems engineering, and
genomics. Furthermore, the panel identified a need for advanced training and academic
programs for the training of students in systems pharmacology to meet the expected
growth in the field. Finaly, the group predicted that integration of advanced systems
biology with pharmacology could revitalize pharmacology and revolutionize practical

drug discovery. The value and interest in this integrated approach to drug development
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and discovery has rapidly grown; the pharmaceutical industry is beginning to incorporate
these ideas into their classical approaches with success [146]. QSP is based on the idea
that quantitative experiments and mathematica modeling incorporating biological
networks in health and disease will lead to better understanding of the multiplicity of
factors influencing drug effects; this process will allow for new ways to therapeutically

intervene while limiting adverse effects.

1.11 GRAPH THEORY

Graph theory is a fiedd of mathematics that has largely been applied and
developed through the fields of computer science and sociology; recently the field has
evolved and now forms the backbone of network analysis and systems biology by
utilizing the theory to analyze regulatory networks within biological systems [158, 159].
The preceding discussion of nodes and edges provides the basis for the resulting
networks that integrates different algorithms to provide information in an organized
fashion about a system.

In addition to the variations in representation of nodes and edges through directed
or undirected graphs, more advanced mathematics provides powerful options for
expressing more in-depth interactions. A bipartite graph is an undirected graph G = (V,
E) where V is a set of vertices that represent the nodes and E is a set of edges that
represent the connections between those nodes. Bipartite graphs are commonly used to
express biologica networks, pathways, or ontologies and will be highlighted in following
chapters comparing gene expression profiles of drug treatments [160]. In an undirected

graph the degree of a node is an important measure for any particular node. Degree of a
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node is the number of edges (connections) that a particular node has to other nodes,
mathematically defined as deg(i) =k(i) = [N(i)] where [N(i)] = number of neighbors of
the node (i). In contrast, in a directed graph each node has two degrees, the in-degree
degin (i) which is the number of edges that are incoming to the node and the out-degree
degout (out) which is the number of outgoing edges leaving the node (i). Thus, total
connectivity of any network can be defined as C = E/N(N-1) where E = number of edges
and N = total number of nodes where N#1. The value of measuring connectivity can
provide information in a biological network such as importance of single genes or
interplay of a gene as well as groups of genes that potentially are responsible for
efficacious effects or even adverse events [161].

Biological networks are often governed by subsets of genes or molecules that are
linked and together affect cellular processes. Centralization is the measure that relates
this effect and provides means for evauating connectivity of a set of molecules (i.e.
genes) in anetwork [162]. The degree of centrality measures the importance of a node by
its number of interactions calculated by Cqi) = deg(i), where Cqi is the degree of
centrality and deg(i) is the degree of interactions. Nodes with large values of degree
centrality are called hubs due to the high amount of connections to many neighbors. It has
been shown that removal of such hubs has great impact on the topology of a network;
demonstrating the importance of such interactions in a biologica system. Similarly,
closeness centrality is another applied graph theory measure that evauates the
importance of a node by measuring how quickly one node can communicate with another
node in a network. Closeness centrality has been used in studies to identify the top central
metabolites in whole genome-based studies and to rank pathways by providing a value of

distance between pathways in a system. Betweenness centrality defines the importance of
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nodes that are intermediate between other neighbors and provide communication between
each other.

The leading cause of drugs failing to reach the market is lack of efficacy and
unanticipated adverse events in phase Il and I11 trials [163, 164]. This costly aspect of the
drug development process could greatly be benefitted by integration of systems
pharmacology including data on mechanism of action, drug safety, and target/pathway
interactions [165]. The current study utilizes this approach by integrating genomics over
time to study dynamic changes of genes in response to drugs with advanced
bioinformatics to evaluate mechanistic information of drug response. Combined with
network and pathway analysis, this integration highlights an aternative approach towards
treatment of oxidative stress and potentially outlines future paths of drug discovery that
will alow for a more complete understanding of drug response and processes in a more

global context.

1.12 EXPERIMENTAL APPROACHESIN SYSTEMSPHARMACOLOGY

When analyzing the action of a drug, there are a wide variety of network based
approaches that can incorporate different types of interactions, thus allowing networks to
transcend multiple levels of complex systems biology [166]. In biological systems,
interaction networks provide the foundation for representing interactions of highly
specified systems. Interaction networks typically use edges that have the same weight and
have relatively the same connectivity. Thistype of network is often considered one of the

simplest forms of networks and alows for the least amount of knowledge regarding
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nodes and edges. This design allows for interaction networks to easily be constructed and
applied to awide variety of data.

Interaction networks are the most common type of network used in anayzing
“omic” data (e.g. proteomic, genomic, and metabolomic) [167, 168]. The utilization of
such a network allows for the rapid assessment of potential downstream and upstream
initiators of any particular node providing vauable information on signaling pathways
and regulatory motifs of a system. For example, an interaction network designed to study
transcriptional regulation before and after drug treatment could be expanded by
connecting affected genes to their physiological function and in doing so, drug-to-
physiological function data could be obtained. Further anaysis of known protein-protein,
kinase, phosphorylation, acetylation interactions could be combined to provide a global
map of a particular drug action in a system. Interaction networks combine large numbers
of variables and output in response to perturbations of a system such as drug treatments
and form the basis of the systems biology and data handling incorporated in succeeding

chapters.
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CHAPTER 2

Cytoprotection of human endothelial cells against oxidative stress:
Comparison of 2-cyano-3,12-dioxooleana-1,9-dien-28-imidazolide
(CDDO-Im) and caffeic acid phenethyl ester (CAPE)

2.1 INTRODUCTION

In a continuing effort to find drugs to ameliorate oxidative stress-mediated
ischemia-reperfusion injury, we identified a natural polyphenolic compound, caffeic acid
phenethyl ester (CAPE), as a potential cytoprotectant. Our previous studies showed that
pretreatment with CAPE protected human umbilical vein endothelial cells (HUVEC)
against menadione-induced oxidative stress and that this protection was highly correlated
with a cytoprotective gene, heme oxygenase-1 (HMOX1), by CAPE [2, 49]. The protein
product of HMOX1, usually known to be the rate-limiting enzyme for heme degradation,
is now considered as a phase 2 detoxification enzyme [169]. Classical phase 2 enzymes
such as glutathione S-transferases and UDP-glucuronosyltransferases are used to
conjugate xenobiotics with endogenous ligands like glutathione and glucuronic acid. This
conjugation reaction leads to more easily excretable products. Currently, the list of phase
2 enzymes has been expanded to include enzymes regulated through the antioxidant
responsive element (ARE) and include enzymes that lead to cytoprotection against
oxidative stress [169]. To further improve cytoprotection of human endothelial cells, we
investigated a recently described inducer of phase 2 enzymes, 1[2-cyano-3,12-
dioxooleana-1,9(11)-dien-28-oyl] imidazole (CDDO-Im), a new synthetic triterpenoid
[170].
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CDDO-Im is the imidazolide derivative of its parent compound, 2-cyano-3,12-
dioxooleana-1,9-dien-28-oic acid (CDDO). CDDO, a synthetic oleanane triterpenoid, was
identified through an attempt to design new anti-inflammatory agents from the natural
products oleanolic acid and ursolic acid [103, 171]. CDDO, CDDO-Im, and methyl ester
derivative of CDDO (CDDO-Me) also showed antitumor activitiesin vitro and in animals
[170, 172, 173]. A recent study found that CDDO and CDDO-Im induced HO-1 both in
vitro and in vivo, and the imidazolide derivative was more potent [108]. This induction
was possibly through the activation of a signaling pathway regulated by transcriptional
factor nuclear factor, erythroid 2-like 2 (Nrf2). Upon activation, Nrf2 translocates from
the cytoplasm to the nucleus and binds to ARE to initiate transcription of an array of drug
metabolism and antioxidant genes. Activation of this Nrf2/ARE pathway leads to an
increased elimination of xenobiotics and thus increased resistance to oxidative stress
[174].

The purpose of our present research was to 1) identify more potent
cytoprotectants against oxidative stress than CAPE and 2) obtain insight into potential
mechanisms of this cytoprotection through a genome-wide approach. In this study, we
examined the cytoprotective effect of CDDO-Im against oxidative stress in HUVEC and
compared it to CAPE. A microarray analysis was conducted on HUVEC after a 6-h
treatment with either CDDO-Im or CAPE to look for induction of cytoprotective genes.
Data were anayzed through the use of Ingenuity Pathway Analysis (IPA, Ingenuity
Systems, www.ingenuity.com) for functiona enrichment and pathway analysis of
microarray data to identify potentia involvement of cellular functions and canonical

pathways mediating oxidative stress.
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2.2 MATERIALSAND METHODS

221 Materials

CAPE was purchased from Cayman Chemicals (Ann Arbor, MI, USA). CDDO-
Im was kindly provided by Dr. Michael Sporn (Dartmouth Medical School, Hanover,
NH). Menadione sodium bisulfite (menadione) and dimethyl sulfoxide (DMSO) were
obtained from Sigma-Aldrich (Saint Louis, MO, USA).

2.2.2 Cdll Culture

HUVEC (Life Technologies, Carlsbad, CA) were cultivated on 1% gelatin-coated
75-cm2 culture flasks (Corning Incorporated, Corning, NY, USA) in Medium 200
supplemented with 2% fetal calf serum, penicillin (100 units/ml), streptomycin (100
units/ml), and fungizone (0.25pg/ml) supplied by Life Technologies [2]. Stock cultures
were maintained at 37°C in a humidified atmosphere of 95% air and 5% CO2 with
medium changes every 2 days until confluent. Prior to an experiment, HUVEC were
subcultivated with trypsi/EDTA onto 1% gelatin-coated 48-or 96-well Costar®
multiplates (Corning Incorporated, Corning, NY, USA) a 10,000 or 5,000 cells/well
respectively, grown to confluence, and kept for 72 h to produce a quiescent cell layer. On
the day prior to the experiment, the medium was changed. Only the second through fifth

population doubling levels of cells were used.
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2.2.3 Cédll viability and toxicity assay

Cdll viahility was estimated in HUVEC using Alamar Blue™ (Life Technologies,
Carlsbad, CA), which utilizes metabolic conversion of resazurin to fluorescent resorufin
by viable cells. As previously described [2], menadione was used to induce oxidative
injury in HUVEC. Briefly, HUVEC were exposed to a 60 pM dose of menadione,
causing 80-90% cell death, for 24 h. The cells were then incubated with culture medium
containing 10% Alamar Blue™ for an additional two hours. Fluorescence was measured
at 545 nm excitation and 590 nm emission with a SpectraMAX® M2 microplate reader
(Molecular Devices, Sunnyvae, CA, USA). Nontoxic doses of CDDO-Im in HUVEC
were determined as follows. A series of doses of CDDO-Im (50 ~ 1000 nM) were
incubated with HUVEC for 24 h followed by cell viability assay. Doses of CDDO-Im
causing more than 90% cell viability were considered not toxic to HUVEC and used in

the following cytoprotection assay.

2.24 Cédl protection assay

CDDO-Im and CAPE were dissolved in DMSO and diluted 1000-fold with
medium (final concentration of DM SO no more than 0.1%). Confluent HUVEC in 48-
well plates were pretreated with CDDO-Im and CAPE at nontoxic doses for 6 h. They
were then exposed to the preselected dose of menadione for an additional 24 h. Cell

viability was measured using the Alamar Blue™ assay.
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2.25 mRNA-based microarray expression profiling

HUVEC were incubated with CDDO-Im at 200 nM or CAPE at 20 uM for 6 h.
Total RNA was extracted from treated HUVEC grown in 6-well plates with TRI™
reagent according to the manufacturer’ s protocol (Molecular Research Center, Cincinnati,
OH, USA). The amount of isolated RNA samples was quantified using a NanoDrop®
ND-1000 Spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). The
integrity of isolated RNA samples was assessed using an Agilent Bioanalyzer 2100
(Agilent Technologies, Palo Alto, CA, USA).

Gene expression profiling of HUVEC treated with CDDO-Im or CAPE compared
to vehicle control (DMSO, 0.1%) was performed using Agilent 60-mer Whole Human
Genome Microarrays (Agilent Technologies. Inc.,Santa Clara, CA). Statistical analysis
for differences among trestment groups was performed using BRB Array Tools
(Biometric Research Branch, National Cancer Institute, USA). Genes were determined to
be statistically altered in their expression with both p value < 0.001 and false discovery
rate (FDR) < 0.001 after class comparison between treated and control groups. In
addition, the significant gene lists from both CDDO-Im and CAPE treatment were
intersected through BRB (Biometric Research Database) Array Tools to identify common

genes significantly atered by compounds.

2.2.6 Ingenuity Pathway Analysis

The lists of significant genes from microarray data analysis were submitted to
Ingenuity Pathway Analysis (IPA) for gene function and canonical pathway analyses

(Ingenuity® Systems, www.ingenuity.com). IPA maintains a large knowledge database
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of modeled relationships among proteins, genes, complexes, cells, tissues, drugs,
pathways, and diseases generated from published reports. When a date set containing
gene identifiers and corresponding expression values such as fold change were uploaded
into IPA application, each gene identifier was mapped to its corresponding gene object in
this Ingenuity Pathway Knowledge Base (IPKB). A p-value and FDR cutoff of 0.001 was
previously applied to the gene sets before submitting to IPA. A fold change cutoff of 2
for both up- and down-regulated genes was applied. These selected genes, called Focus
Genes in IPA, were overlaid onto a global molecular network developed from
information contained in the IPKB. Networks of Focus Genes were then generated based
on their connectivity. IPA calculated a significant score for each network. The higher the
score, the more interconnected among those genes within that network. The scores for
networks represent the negative log of the P value. Therefore, scores of 2 or higher
provide a least 99% confidence of not being generated by chance aone. Genes are
represented as single nodes in the network.

A functional analysis of the network was done to identify the biological functions
that were most significant to the genes in the network. A right-tailed Fisher’s exact test
was used to calculate a p value to determine the probability that each biological function
assigned to that network would be due to chance alone. The smaller the p-value, the less
likely the association is random and the more significant the association. In addition, a
functional analysis of the entire data set was done to identify the biological functions that
were most significant to the data set. The same right-tailed Fisher’s exact test was used to
calculate a p value to determine the probability that each biological function assigned to
the entire data set is random. A canonical pathway analysis of the submitted data set was
also performed to identify the pathways from the IPA library of canonical pathways that

were most significant to the data set. The significance of the association between the data
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set and the canonical pathway was aso measured using right-tailed Fisher’'s exact test.
The p-value calculated was used to determine the probability that the association between

the genesin the data set and the canonical pathway is explained by chance alone.

2.2.7 Quantitativereal-time RT-PCR

One ng of total RNA from the same samples used for microarray analysis was
converted to cDNA using random primers and Superscript 111 reverse transcriptase
according to the manufacture' s instruction (Invitrogen, Carlsbad, CA, USA). Red-time
PCR was performed on a LightCycler™ thermal cycler (Idaho Technology, Salt Lake
City, UT, USA). Roche LightCycler® TagMan Master was used for reverse-transcription
(Roche Diagnostics, Indianapolis, IN, USA) and HMOX1 and 18S primer sets were from
TagMan® Gene Expression Assays (Applied Biosystems, Foster City, CA, USA).
HMOX1 was normalized to the expression level of 18S for each sample. Relative

guantification was acquired by comparative CT (crossing threshold) method.

2.2.8 Polyacrylamide gel electrophoresisand western blotting

Protein was extracted from HUVEC grown on gelatin-coated 12-well multiplates
after incubation with CDDO-Im (200 nM), CAPE (20 uM) or 0.1% DMSO for 6 h by
addition of 50 pul of lysis buffer (NOVEX, San Diego, CA, USA) containing 10 mM tris
(carboxyethyl) phosphine hydrochloride (Sigma, St Louis, MO, USA). Fifteen
microliters, containing approximately 5 ug of protein, were run on NuPage 4-12% bis-tris
gels (Invitrogen) and then transferred to a nitrocellulose membrane (Invitrogen). After

blocking in 0.2% I-Block (Tropix, Bedford, MA, USA), 0.1% Tween-20 (Sigma) and
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0.1% thimerosal (Sigma) in PBS, the blots were incubated with arabbit anti-human HO-1
antibody (Stressgen Biotechnologies Inc., Vancouver, BC, USA; 1:5000) for 2 h. Rabbit
ABC dkaline phosphatase reagents (Vector Laboratories, Burlingame, CA, USA) were
used to label the bands and the akaline phosphatase visualization was accomplished with
nitro blue tetrazolium chloride (NBT) and 5-Bromo-4-chloro-3-indolyl phosphate (BCIP)
(Invitrogen) until the bands developed. Quantitative analysis was performed with NIH

Images (NIH, USA) on blots scanned into the computer.

229 Statistical analysis

Data are presented as the mean plus standard deviation. Differences among
groups were analyzed using one-way analysis of variance (ANOVA) followed by post
hoc tests of Tukey (equal variances assumed) or Games-Howell (equal variances not
assumed) for multiple comparisons through SPSS statistical software. A difference of p
value < 0.05 was considered significant. All experiments were performed at least 3 times

and arepresentative experiment is presented.

2.3 RESULTS

2.3.1 Cytoprotection of CDDO-Im compared to CAPE against oxidative stressin
HUVEC

To evauate the effects of CDDO-Im on cytoprotection against oxidative stress, a
model of oxidative stress induced by menadione-generated reactive oxygen species was
developed as previously described [2]. Cytotoxicity of CDDO-Im in HUVEC is shown in
(Figure 2.1). Because 750 nM of CDDO-Im resulted in more than 10% cell death, the
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maximum doses of CDDO-Im used for cytoprotection testing were 500 nM. It was
determined that a dose of 60 M of menadione reduced viability to about 20%. CDDO-
Im protected HUVEC against menadione-induced oxidant injury in a dose-dependent
manner (Figure 2.2 A). To compare the cytoprotective effect of CAPE to CDDO-Im,
HUVEC was treated with various doses of CAPE under the same extent of oxidative
insult (60 uM menadione). The results showed that CAPE provided some cytoprotection
to HUVEC in a dose-dependent manner (Figure 2.2 B). CAPE a 20 uM exhibited
maximum protection of HUVEC with only about 30% recovery. On the other hand,
CDDO-Im at 200 nM protected HUVEC leading to about 80% and at 400 nM about 90%
cell recovery from menadione toxicity. This result indicated that CDDO-Im on a molar

basi s was about one hundred times more potent cytoprotectant than CAPE.

2.3.2 ldentification of potential cytoprotective targetsthrough microarray analysis

To investigate the mechanism of action and identify common molecular targets
involved in the cytoprotective effect of CDDO-Im and CAPE in HUVEC, gene
expression profiling with microarray analysis was used to monitor alterations in gene
expression. For this analysis, triplicate HUVEC cultures were treated with CDDO-Im at
an optima cytoprotective dose of 200 nM and CAPE at 20 uM for 6 h, respectively and
compared to vehicle controls. After processing microarray experiments, BRB Array Tool,
an integrated software package for the visualization and statistical analysis of DNA, was
used to analyze microarray data. Advantages of the BRB Array Tool software include:
free excel add-in, flexible data import, excellent statistical tools, sophisticated
visualization tools, and integratable gene lists with biological data. After filtering and

normalization of gene expression data, class comparison of CDDO-Im or CAPE to the
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vehicle treated control group was performed. Upon the activation of 200 nM CDDO-Im,
the expression of 2229 genes was found to be significantly regulated (p < 0.001 and FDR
< 0.001) within 6 h. In addition, the expression of 1186 genes was found to be
significantly changed (p < 0.001 and FDR < 0.001) due to the treatment of 20 uM CAPE
for 6 h.

To explore common pattern of gene expression atered in HUVEC under the
action of CDDO-Im and CAPE, both gene lists were intersected and 339 genes were
commonly altered in their expresson. Among them, HMOX1, a well-known
cytoprotective gene, was induced to about 9 fold by 20 uM CAPE similar to our previous
finding [2]. However, 200 nM CDDO-Im, a dose hundred times lower than CAPE,
triggered the induction of HMOX1 up to 43 fold. To validate this particular result from
microarray screening, quantitative real-time RT-PCR and western blotting were
performed for HMOX1 at 6 h. The results confirmed the induction of HMOX1 gene at
transcriptional and trandationa levels (Figure 2.3 A/B). Interestingly, a number of
molecular chaperone genes were highly up regulated by CDDO-Im. These genes were
heat shock protein (HSP) and DNAJ related. To take a close look at the transcriptional
activation of these chaperone genes by both compounds, we selected and listed all those
genes in (Table 2.1). Sixteen chaperone genes were found to be induced by CDDO-Im.
Among them, HSP genes HSPA1 (HSPA1A/HSPA1B) and HSPAG6 were highly induced
up to 150 and 100 fold at 6 h, and DNAJA4 was up regulated to around 80 fold. In
comparison, CAPE up regulated 5 chaperone genes including 3 DNAJ genes and 2 HSP

genes.

45



2.3.3 Functional enrichment and pathway analysis by | PA

To better understand the cytoprotective effects of CDDO-Im and CAPE in
HUVEC, we used IPA to analyze microarray data sets for enrichment of transcriptional
networks, functions, and pathways. The list of 339 common genes was first submitted to
IPA to look for common pattern in functions and pathways. Results of network analysis
indicate that the most relevant network to our list of genes was enriched in regulatory
functions of cell death and survival, celular development, and cellular growth and
proliferation. The corresponding interactions of genes involved in this network were
shown in (Figure 2.4 A). In addition, functional analysis found that these functions are
among top ten molecular and cellular functions (p value < 0.0001) most related to the list
of common genes submitted, which was shown in (Figure 2.4 B). Results of pathway
analysis identified one top canonical pathway of particular interest to us, Nrf2-mediated
oxidative stress response, which was highly affected by both compounds (p vaue =
2.54E-04). Nrf2, a transcription factor, is known to play an important role in cellular
defense system against oxidative stress through activation of an array of antioxidant and
detoxification enzymes. The activation of this pathway may provide a possible
mechanism for the cytoprotective effects of both compounds against oxidant insult in
HUVEC as described above.

To explain the difference in cytoprotective effects, we submitted the lists of genes
significantly atered by CDDO-Im and CAPE individually and compared their
enrichments in cdlular function and involvement in canonical pathways. Both
compounds affected major cellular functions significantly without notable discrepancies
as shown in (Figure 2.5). When focusing on canonical pathways, in particular Nrf2-

mediated oxidative stress response, more related genes and genes with higher up-
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regulation were found in CDDO-Im than CAPE treatment as shown in (Table 2.2). The
canonical pathway representing Nrf2-mediated oxidative stress response from CDDO-Im

treatment was shown in (Figure 2.6).
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Figure2.1: Cytotoxicity of CDDO-Imto HUVEC. Cell viability shown as percent of
vehicle control and values presented as means + standard deviations (n=3).
Cdll viability less than 90% was considered toxic. CDDO-Im at 750 and
1000 nM were considered toxic.
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Figure2.2: Cytoprotection of CDDO-Im (A) and CAPE (B) against menadione-induced
cytotoxicity in HUVEC. Cell viability is shown as percent of vehicle control
and values presented as means + standard deviations (n=3). CDDO-Im and
CAPE showed a dose-dependent cytoprotection of HUVEC from 60 uM
menadione-induced oxidative stress. CDDO-Im at 200 nM recovered
HUVEC significantly to about 80%, whereas CAPE a 20 uM only salvaged
around 30% HUVEC compared to control group.

49



>

120

100

80

60

40

20

Relative fold change (HO-1/18S)

=

[y
n

—
=

Induction of HO-1 (relative to control)

(=

*: P < 0.05 versus 60 uM menadione alone (0 uM CAPE).
#: P <0.05 versus CAPE * #

|

Ctl CAPE CDDO-Im

*: P < 0.05 versus 60 uM menadione aone (0 uM CAPE).
#. P <0.05 versus CAPE
* #

I

Cil CAPE CDDO-Im

Figure2.3: Comparison of HMOX1 induction in HUVEC at transcriptional level (A)

and trandlational level (B) by CAPE and CDDO-Im. HMOX1 mRNA was
induced up to 90 fold by 200 nM CDDO-Im within 6 h compared to a 13-
fold increase following 20 uM CAPE treatment. In addition, HO-1 protein
was induced up to 24 fold by 200 nM CDDO-Im within 6 h compared to a
3-fold increase following 20 uM CAPE treatment (n=3).
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Figure2.4: Top scored network (A) and functions (B) of genes commonly atered by
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both compounds.

51



Analysis: CODO-IW 8h-FRRO.O0
[n C0OC-IM the-FORD.S01 Il CAPE Ghr - F-DRL':.MI]

-logip-vake)
5 10 15 20 25 30 35 40 45 50 55 &0 &5 7O 75 80

by
=1

Ca g ar Craerte e e T ]
Proliferation

Cellular
Development

Cell Death and
survival

Cell Signaling

Cell Cycle

Cell Function and
Maintenance

Cellular Assembly
and Organization

Cellular
Movement

Cell Morphology
Cell-To-Cell
Interaction

Cellular
Compromise

Cell Response
to Therapeutics

& 2000-2013 In genuity Systems, Inc. All rights resenve d.

Figure 2.5: Comparison of cellular functions most highly enriched in the gene sets
atered by CDDO-Im and CAPE.

52



Pt Darsgner NRF 2. modated Ouiatre Stres Responss

hmmﬂoﬂr cytokines
ins.
Growlh factors
Low density lipoproteins
__[Bacteral and viral infection

Drugs
HMenobiotics UV radiation

Antioxidants / Oxidants lanizing radiation

Chemopreventive agerst

~n L 2= |Heavy metals

IEsrtracel!ular space I | [ Clxi-dativle stress

+ '
[Cytoplasm] | Metabolism | |

e

| R TR 3

| LAY ./MEKKASK1TAK1‘PKC F’GK|
i MEKM\EKS MR /;r/ r |
| 142 e ﬂ{ ER stress

| ERK “JINK  p387

I .”2kERK'5 {2 MP@ERK _J,_,.Gsmﬁ

MNRF2 ubiquitination |
and proteasomal degradation |

=N

| Nucleus | |

| Vo \
| y
-MRP‘E ;MRF‘-‘-‘».'

&l MRP2

Proteasomal degradation PTR Letoxﬁzzeplﬂvmmsl \GPXZ
oy :
HERPUDA,/ // |\, 'SOD
| cCT? ¢ Transpert of xenmobiotics | "\ _*
‘ 'y and metabolites \ TXN
\
I !
| FKBP g G"-.SR
PRI EPHX1 TR%R1
| ¥ ok Antioxidant proteins
ERP29 G(%.:‘*.': I I
Chaperone and ] GC&M
Stress response proteins CBR1 Reduction of oxidative
L — ) damage
Repair and removal of AKR
damaged proteins AO')H

Phase land II
metabollzmg enzymes

Detoxification of KBI‘IGbIOtICS

- i Reactive mietabolites |
Metabolism of xenobiotics I |

| cen survival | | Tumorigenesis|

Figure 2.6. Nrf2-mediated oxidative stress response pathway from IPA analysis of

CDDO-Im gene set. Genes up- and down-regulated are in red and green,
respectively.
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Symbol Entrez Gene Name CDDO-Im (200 nM) CAPE (20 uM)

HSPALA/HSPALB  heat shock 70kDa protein 1A 152.85 2.3
HSPAG heat shock 70kDa protein 6 (HSP70B)) 103.07

DNAJA4 DnaJ (Hsp40) homolog, subfamily A, member 4 83.56

DNAJBL DnaJ (Hsp40) homolog, subfamily B, member 1 203

HSPH!1 heat shock 105kDa/110kDa protein 1 121

HSPBS heat shock 22kDa protein 8 8.86

HSP90AAL heat shock protein 90kDa alpha (cytosolic), class A member 1 474

DNAJB4 DnaJ (Hsp40) homolog, subfamily B, member 4 421

DNAJB9 DnaJ (Hsp40) homolog, subfamily B, member 9 419 10.46
HSPAS heat shock 70kDa protein 8 344

DNAJB6 DnaJ (Hsp40) homolog, subfamily B, member 6 321 2413
HSPD1 heat shock 60kDa protein 1 (chaperonin) 2.99

HSP90ABL heat shock protein 90kDa alpha (cytosolic), class B member 1 2.28

DNAJC21 DnaJ (Hsp40) homolog, subfamily C, member 21 2.24

HSPA9 heat shock 70kDa protein 9 (mortalin) 2.2

DNAJC3 DnaJ (Hsp40) homolog, subfamily C, member 3 191 4,05
HSP90B1 heat shock protein 90kDa beta (Grp94), member 1 449

Table2.1: Molecular chaperone genes significantly atered (6 h, fold change > 2) by
CDDO-Im and CAPE treatment in HUVEC



Symbol  Enirez Gene Name CDCO-Im (200nM) CAPE (20uM)

DNAJA4 DnaJ (Hsp40) hemolog, subfamily A, member 4 83.56

SCARB1 scavengsrreceptor class B, member 1 59.59

HMCX1  hems cxygenase (decycling) 1 4262 9.38
DNAJB1 DnaJ (Hsp40) hemolog, subfamily B, member 1 20.3

JUNB jun B prate-oncogene 17.77 3.83
SQSTM1 sequestoscme 1 1.3 3.02
HSP38  heat shock 22kDa protein 8 8.86

NQO2 NAD(P)H dshydrogenase, guinons 2 6.89 2.02
FOS FBJ murine osteosarcoma viral oncogene homolog 6.82 16.34
GCLC glutamate-cysteine ligase, catalytic subunit 6.78

VCP valosin containing protein 6.17

NQO1 NAD(P)H dehydrogenase, guinone 1 4.48

MAFG v-maf musculoaponeurotic fibrosarcoma oncogene homolog G (avian) 428

DNAJB4 Dnad (Hsp40) hemolng, subfamily B, member 4 421

DNAJB3 Dnad (Hsp40) hemaolng, subfamily B, member 9 419 10.46
ACTG1  actin, gamma 1 3.34

DNAJB5S DnaJ (Hsp40) hemolog, subfamily B, member 8 3.27 24.13
STIP1 stregs-induced-phosphoprotein 1 3.08 444
TXNRD1 thioradoxin reductase 1 3.06

FTL ferritin, light polypeptide 2.88 2862
SOD1 superoxide dismutase 1, soluble 2.35

DNAJC21 DnaJ (Hsp40) hemolog, subfamily C, member 21 2.24

MRAS musclz RAS cncogene homclog 2.04

DNAJC3 DnaJd (Hsp40) hemolog, subfamily C, member 3 1.9 4.05
PIK3C2E phosphatidylinositol-4-phosphats 3-kinase, catalylic subunit type 2 beta -4,167 -1.961
ACTAZ  actin, algha 2, smooth muscle, aorta 222
BACH1 BTB and CNC homology 1. baslc leucine zlpper transcripticn facter 1 2.44
EIF2AK3 eukaryotic translation Initiation factor 2-zglpha kinase 3 373
RRAS2  related RAS viral (r-ras) oncogens homolog 2 3.1

Table2.2: Genesinvolved in Nrf2-mediated oxidative stress response pathway and
modulated by CDDO-Im and CAPE in HUVEC.
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24 DiscussioN AND CONCLUSIONS

Redox homeostasis within cells refers to a well-controlled balance between
cellular antioxidant system and ROS generation. Maintenance of the cellular redox
homeostasis isimportant for a number of biological processes since ROS at physiol ogical
level have been reported to serve as potential signaling molecules mediating cellular
proliferation, differentiation, and apoptosis [175]. However, when this balance is
disturbed as a result of oxidative stress where the overproduced ROS failed to be
eliminated by the antioxidant system, the accumulation of excessive ROS may result in
severe damage to cellular components and eventually involve in various diseases
including ischemialreperfusion injury, cardiovascular diseases, neurodegenerative
diseases, and cancer [176-179].

In a continuing effort to identify potential agents for ameliorating oxidative stress,
we compared a synthetic triterpenoid compound, CDDO-Im to CAPE, and tested their
ability to protect human endothelial cells from oxidative stress. Nanomolar
concentrations of CDDO-Im were sufficient to keep HUVEC viability close to 80% to
oxidative stress induced by menadione. The cytoprotection provided by CDDO-Im was
more potent than that of CAPE, a natural polyphenolic compound we previously found
cytoprotective [2, 49]. Under the same degree of oxidative stress, CAPE at micromolar
concentrations only improved survival of HUVEC to 30%. We then explored
mechanisms of this cytoprotection by looking for any common cytoprotective factors
shared by both CAPE and new cytoprotective mediators induced by CDDO-Im, which
may provide a possible explanation for the different cytoprotective effects observed.

We investigated the ateration of global gene expression using microarrays to

identify the principal genes mediating HUVEC cytoprotection following the treatment of
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CDDO-Im and CAPE. We found 2229 and 1186 genes were statistically significantly
regulated in HUVEC after 6 h treatment of CDDO-Im and CAPE at optimal
cytoprotective dose of 200 nM and 20 uM, respectively. Out of those genes, 339 genes
were found commonly atered by both compounds, which may lead to a common
mechanism of cytoprotection both compounds have employed. Out of these 339 genes,
HMOX1 (heme oxygenase (decycling) 1) was found to be one of them. CDDO-Im was
reported to be a strong inducer of HMOX1 in different cell lines at a similar range of
nanomolar concentrations [108, 180, 181]. Our result confirmed and found HMOX1 was
highly up-regulated by CDDO-Im up to 43 fold in HUVEC which is much higher than
HMOX1 induction by CAPE (9 fold). This result from microarray analysis was
confirmed at both transcriptional and translational levels. Much higher expression of
HMOX1 mRNA and protein was observed in CDDO-Im group compared to the group of
CAPE treatment. Our previous study showed that HMOX1 was induced by CAPE, which
plays a very important role in its cytoprotection of HUVEC. The much higher up-
regulation of HMOX1 by CDDO-Im may contribute, a least, in part to its greater
cytoprotective effect than CAPE.

In addition to the up-regulation of HMOX1, CDDO-Im was found, for the first
time to our knowledge, to strongly induce genes of HSP family, especially HSPA1,
HSPAG6, and DNAJA4. Heat shock proteins, a highly conserved class of stress response
proteins, function as molecular chaperones to prevent protein aggregations, correct
protein misfolding, and promote protein refolding. These functions of HSPs are crucial to
the maintenance of cellular homeostasis by controlling cellular stress such as
endoplasmic reticulum (ER) stress and oxidative stress [182, 183]. During ER stress,
HSPs are expressed through activation of pathways called unfolded protein response

(UPR). UPR can aso trigger downstream antioxidant response, which provides a line of
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defense against oxidative stress. When cells are exposed to oxidative stress, a cascade of
events occurs including change of cellular redox balance, oxidation of cell lipid proteins,
and protein aggregation and misfolding. As a consequence, inflammation and apoptosis
pathways are activated, eventually leading to the failure of normal cell function and cell
death. However, the induction of HSP can effectively interact with these events and
rescue cells from stress induced programmed death. For example, heat shock protein
Hsp33 was activated due to a change in redox state within bacteria cells [184]. Its
homologue in eukaryotic cells, Hsp32, was reported to be induced through redox-
sensitive transcription factors in response to redox change [185]. Interestingly Hsp32 is
also referred to as HO-1. Therefore, HO-1 is considered one of the HSPs, which enhances
the cytoprotective potential of heat shock proteins against oxidative stress. In addition,
some HSPs such as Hsp70 can bind to apoptosis mediators such as apoptosis protease
activating factor-1 and therefore prevent cell death to occur [186]. This anti-apoptotic
effect of HSPs appears to be independent of their function as molecular chaperones. Up-
regulation of Hsp70 was also found to reduce inflammatory response possibly through
interaction with a transcriptional factor, nuclear factor kappa B [187].Since inflammatory
response is one of the events that occurs following oxidative stress, anti-inflammatory
property can contribute to the overall cytoprotective capacity of HSP against oxidative
stress. Compared to CDDO-Im, CAPE induced not only less number of HSPs but also to
a less extent. For example, HSPA1 was up-regulated to 150 fold upon action of CDDO-
Im but only to 2 fold under CAPE treatment. The potentia cytoprotective role of HSPs
against oxidative stress could be added as another contributor to explain why CDDO-Im,
a more potent HSP inducer, protected HUVEC against oxidant insult much better than
CAPE.
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To identify the cellular phenotypes most significant to the ateration of our gene
expression profiles and further understand the corresponding impact of these changes in
the content of well-characterized pathways, IPA was used to analyze the microarray data.
For the purpose of extracting common pattern between CDDO-Im and CAPE, 339 “in
common” genes were analyzed. The results indicate that top cellular functions include
cell signaling, cell death and survival, cellular function and maintenance, cellular
development, cellular growth and proliferation and protein synthesis, which is in
agreement with the major functions of top network generated out of the set of common
genes. In addition, canonical pathway analysis pointed out that Nrf2-mediated oxidative
stress response pathway was highly regulated. This Nrf2 pathway mediates the
expression of an array of genes involved in drug metabolism and transport, antioxidant
defense, and oxidant signaling [174]. It is considered a useful strategy of detoxification
that cells apply to response to the challenges from endogenous and exogenous oxidants,
electrophiles, and toxicants. Activation of this pathway was reported to facilitate the
induction of HMOX1 [108, 180, 181]. In a continuing effort to address the different
cytoprotective ability of CDDO-Im and CAPE, a core analysis of individual data set and
follow-up comparison were performed in IPA. The significance of top cellular functions
was found similar between groups of CDDO-Im and CAPE. However, Nrf2-mediated
oxidative stress response pathway was much more significantly activated in the case of
CDDO-Im with more genes involved and higher level of gene up-regulation.

In summary, CDDO-Im was identified as a more potent cytoprotectant than
CAPE protecting human endothelial cells from oxidative stress. Both compounds were
found to induce HMOX1, affect similar cellular functions, and regulate Nrf2-mediated
oxidative stress response pathway, which may provide a common mechanism behind this

cytoprotection. Results suggest that the higher potential and greater cytoprotection
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observed in CDDO-Im could possibly due to 1) stronger induction of HMOX1; 2) more
intensive activation of Nrf2 —mediated oxidative stress response pathway; and 3) up-
regulation of molecule chaperone HSP family [188]. Thisis afirst report that CDDO-Im
was found to induce HSPs to our knowledge, which is useful in further understanding of
the beneficial effects of this compound. Based on current knowledge in the field and our
results, we extrapolate that CDDO-Im may serve as a potent inducer of preconditioning
endoplasmic reticulum (ER) and oxidative stresses to activate unfolded protein response,
which in turn induces the expression of HSPs and triggers Nrf2-mediated antioxidant
response in particular the up-regulation of HMOX1. While CDDO-Im has previously
been shown to not have significant direct antioxidant abilities, the next series of studies
presented here will evaluate CDDO-Im and CDDO-Me as potential post-treatments
against oxidant stress in human endothelial cells to determine if the compounds could

confer cytoprotection through rapid initiation of protective genes such as HMOX1.
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CHAPTER 3

Cytoprotection of Human Endothelial Cellsfrom Oxidant Stress by
Post-Treatment with CDDO-Im and CDDO-M e:Network Analysis of
Genes Responsiblefor Cytoprotection and Differencesin Mechanism of
Action

31 INTRODUCTION

Oxidative stress is commonly encountered in neurodegenerative diseases such as
Parkinson's, Alzheimer's, and Huntington's, vascular disorders including strokes and heart
attacks, as well as traumatic injuries. Oxidative stress results from the disproportion
between antioxidant and prooxidant defense processes of the body. The endothelial cells
that line the blood vessel wall are very responsive to injury caused by oxidative stress.
Endothelia cells play a crucia role in maintaining hemostasis; any injury or abnormality
in the endothelial cell structure and function such as that caused by oxidative stress can
contribute to blood vessel diseases including thrombosis, vasculitis, and atherosclerosis.

The imidazole (CDDO-Im) and the C-28 methyl ester (CDDO-Me) derivative of
2-cyano-3,12-dioxooleana-1,9-dien-28-oic  acid  (CDDO), synthetic  oleanane
triterpenoids, have been shown to protect against oxidative stress in various cell and
anima models [127, 134, 181, 189-191] and exhibit anti-inflammatory properties. In
addition, they have been shown to provide a chemopreventative effect against certain
tumors, largely by reducing the viability of these cells [192-194]. How drugs can be

cytoprotective in normal cells and cytotoxic in tumors and tumor-derived cells is not
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immediately clear. Understanding this paradox will require a better understanding of the
specific response of different cell typesto drugs.

We recently determined that CDDO-Im was 100X more potent as a cytoprotectant
than caffeic acid phenethyl ester (CAPE) [188] against menadione-induced oxidant stress
when given as a pre-treatment prior to subjecting HUVEC to oxidant stress and that
induction of heme oxygenase-1 was required for cytoprotection. Most in vitro studies
with CDDO derivatives showing cytoprotection have used a pre-treatment of 4 to 24 hrs
[127, 195-197]. Here we asked if cytoprotection of endothelial cells was obtained if
CDDO-Im and CDDO-Me were given at the initiation of oxidant stress. Endothelia cells
line vessel walls and are one of the first cell types exposed to drugs and I/R injury or
oxidative stress injury and appear to be an important target for cytoprotection. They have
also been shown to be active in response to inflammatory stimuli and their transcriptional
response to such stimuli has been well documented in the literature [198-200]. Previous
studies have utilized HUVEC to demonstrate protection against oxidative stress-induced
injury by treatment with CAPE, a plant-derived polyphenolic compound [1, 2, 49]. The
injury induced by menadione, a well-known agent for inducing oxidative stress, was
reduced by cytoprotective agents and this cytoprotection was highly correlated with
HMOX1 induction [201]. The oxidant stress produced by appropriate doses of menadione
results from intracellular production of reactive oxygen species (ROS) by redox cycling
[202]. In this study, menadione-induced endothelial injury was used as an in vitro model
to smulate I/R injury and for screening compounds that could provide protection against

oxidative stress injury by inducing cytoprotective genes such as HMOX1. The purpose of
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the present study was to determine if post-treatment by CDDO-Im and CDDO-Me was
cytoprotective, to further investigate the precise mechanisms of the cytoprotective
response of HUVEC to these agents, and to evaluate if gene expression profiling could

determine which agent was more likely to be most efficaciousin cytoprotection.

3.2 MATERIALSAND METHODS

3.2.1 Materialsand Reagents

CDDO-Im and CDDO-Me (95% and 96% purity respectively) were purchased
from Toronto Research Chemicals Inc. (Toronto, Ontario, Canada). Menadione sodium
bisulfite (menadione) and DMSO were from Sigma-Aldrich (Saint Louis, MO, USA).
Sn(1V) protoporphyrin 1X dichloride (SnPPIX) was purchased from Frontier Scientific

(Logan, UT, USA).

3.2.2 Cedll Culture

Stock cultures of gender-mixed HUVEC (Lifeline Cell Technology, Walkersville,
MD) pooled from 10 different donors were cultivated on T75 flasks (Sigma-Aldrich,Saint
Louis, MO, USA) in MCDB 131 medium at 37 °C in a humidified atmosphere of 92%
nitrogen and 3% oxygen 5% CO2 with medium changes every 2 days until confluent
[203, 204]. MCDB 131 Medium, Trypsin/EDTA, antibiotic/antimycotic was obtained
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from Life Technologies (Carlsbad, CA). Endothelia supplements were obtained from
ATCC. Prior to an experiment, HUVEC were subcultivated with Trypsin/EDTA onto
Costar® 96-well multiplates (Corning Incorporated, Corning, NY, USA) at 5000
cells’em2, grown to confluence in 95% air, 5% CO2, and kept for 72 h to produce a
quiescent cell layer. Only the second through fifth population doublings of cells were

used as described in [2].

3.2.3 Invitro cytotoxicity assay

CDDO-Im and CDDO-Me were dissolved in DMSO and diluted 1000-fold with
medium (0.1% fina concentration of DM SO) before addition of serial dilutions to the 96-
well culture plates. To assess the compound’s toxicity, confluent HUVEC were initially
pretreated with CDDO-Im and CDDO-Me at various concentrations (0-3000 nM) for 6 h.
Cdll viability was assessed at 24 h after initiation of injury by replacing medium with
fresh medium containing resazurin (44 M fina in medium; Sigma-Aldrich, Saint Louis,
MO, USA), which is converted irreversibly to fluorescent resorufin by viable cells [205].
The cells were incubated for 2h at 37 °C and fluorescence was measured at 545 nm
excitation and 590 nm emissions using SpectraMAX M2 microplate reader (Molecular
Devices, Sunnyvale, CA, USA). HUVEC were regularly observed under phase contrast

microscopy for confirmation of viability results.
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3.2.4 Menadione cytotoxicity and cell viability assays

Menadione bisulfite (0.5 M) was dissolved in phosphate buffered saline (PBS)
and diluted with medium before being added to the plate wells [206]. Due to differences
in cellular responses to menadione, each group of pooled HUVEC was initially assessed
for a dose of menadione which resulted in 80-90% cell death. A dose of 70 pM
menadione was chosen for cell viability comparisons between CDDO-Im and CDDO-
Me.

For cell viability measurements CDDO-Im and CDDO-Me (200 nM) were given
at theinitiation of injury (with 70 uM menadione). Cell viability assays were assessed 24
h after initiation of injury. Cytotoxicity and cell viability were measured using the same
methods as described above (Section 3.2.3). Additionally, propidium iodide was used as
described by [207]. Briefly, propidium iodide was added during the last hour of the 24 h
incubation, and similar results were obtained as those described here with the resazurin

assays.

3.25 Total RNA isolation and gene expression analysis

Total RNA was extracted from cultured HUVEC grown in 12-well multiplates
with TRI™ reagent according to the manufacturer’s instructions (Molecular Research
Center, Cincinnati, OH, USA). RNA vyield was quantified using NanoDrop® ND-1000

Spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA), and its quality
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was assessed by electrophoresis on 1% agarose gels containing 1:1000 SYBR Gold in the
loading buffer (Invitrogen, Carlsbad, CA, USA).

RNA (500 ng) from four biological replicates from each group (DMSO, CDDO-
Im, and CDDO-Me) were labeled through the use of Agilent’s Low RNA Input Linear
Amplification Kit (Agilent, Santa Clara, CA). All sample-labeling, hybridization,
washing, and scanning steps were conducted according to the manufacturer’s
specifications. For each group, 200 ng of cRNA (anti-sense label ed sample obtained from
Agilent low RNA input linear amplification kit) from each labeling reaction was
hybridized to the Agilent Whole Human Genome Oligo Microarray (Agilent, Santa
Clara, CA). The Whole Human Genome Oligo Microarray isin an 8 X 60k slide format
and microarray interrogates all known genes. After hybridization, the slides were washed
and then scanned with the Agilent G2505C Microarray Scanner System (Agilent, Santa
Clara, CA). The fluorescence intensities on scanned images were extracted and

preprocessed by Agilent Feature Extraction Software.

3.2.6 Polyacrylamide gel electrophoresisand western blotting

Protein was extracted from the HUVEC after incubation for 6 h with 200 nM
CDDO-Im or CDDO-Me, the same dose as used for gene expression studies, by addition
of 50 ul of lysis buffer (Life Technologies, Grand Island, NY) containing 10 mM tris
(carboxyethyl) phosphine hydrochloride (Sigma, St Louis, MO, USA). Fifteen
microliters, containing approximately 5 pg of protein, from each treatment were run on
E-PAGE 96-well 6% gels (Life Technologies, Grand Island, NY) and then transferred to

a nitrocellulose membrane (Life Technologies, Grand Island, NY). After incubating in
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blocking buffer (LICOR, Lincoln, Nebraska USA), individual blots were incubated with
rabbit HMOX1 (Assay Designs Inc., Ann Arbor, MI, USA; 1:5000) and rabbit NQO1
(Abcam, Cambridge, MA; 1:5000) primary antibodies for 1 h. The blots were washed
three times with 0.1% Tween 20 in PBS incubated with donkey anti-rabbit secondary
antibody (LICOR, Lincoln, Nebraska USA) for 30 minutes, washed again, and alowed to
dry. Visuaization was performed using the Odyssey imaging system (LICOR, Lincoln,
Nebraska USA) that allowed for dual labeling of two different proteins. Mouse
monoclonal anti-human f-actin antibody (Sigma, St Louis, MO, USA) was used for
normalization and labeled on the same blots with donkey anti-mouse secondary antibody

(LICOR, Lincoln, Nebraska USA).

3.2.7 Quantitativereal-time RT-PCR

One pg of total RNA from the same samples used for microarray analysis was
converted to cDNA using the high capacity cDNA Archive Kit (Life Technologies,
Grand Island, NY). Real-time PCR was performed on a Roche LightCycler® 480
thermal cycler (Roche Diagnostics, Indianapolis, IN, USA) with Roche LightCycler®
TagMan Master Kit (Roche Diagnostics, Indianapolis, IN, USA) for confirmation of
microarray results. 18S primer/probe was used as an endogenous control for each sample
and measured simultaneously with each labeled sample for purposes of normalization;
relative quantification was acquired by the comparative CT method [208] . Primer/probes

of interest (HMOX1, HSP1A1, OSGIN1, RASD1, NDUFA4L2, SPON2, NQO1, BBC3,
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and COL1A1) and 18S primer sets were purchased from TagMan® Gene Expression

Assays (Applied Biosystems, Foster City, CA, USA).

3.2.8 Heme oxygenase-1inhibition with ShPPI X

To measure the role of HMOX1 in cytoprotection, HUVEC were treated with 200
nM CDDO-Im at various doses of HMOXZ1 inhibitor SnPPIX (0-60 uM) for 6 h before
exposing each group to menadione for 24 h. SnPPIX was dissolved in 0.1 M NaOH and
diluted 1000-fold with medium before being added to the 96-well culture plates. Cell

viability was measured using the resazurin assay.

3.29 Statistical analysis

Data are presented as the meantstandard deviation. Differences between or
among the groups were analyzed using the independent samples T test or one-way
analysis of variance combined with Tukey (equal variances assumed) or Games-Howell
(equal variances not assumed) post hoc anadysis using SPSS (IBM, Armonk, NY).
Statistical significance was set at p value < 0.05. Each cytoprotection experiment was

repeated at least 3 times and a representative experiment is presented.

3.2.10 Microarray analysiswith BRB Array Tools
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First a two-class comparison was performed to identify genes that were
differentially expressed using a random-variance t-test (http://linus.nci.nih.gov/BRB-
ArrayTools.html;version 4.4) [209]. Genes were considered significantly altered in their
expression if the false discovery rate was less than 10%.

Clustering based on Cluster [210] and dendrogram generation with Treeview
[211] were performed with Cluster 3.0 (http://bonsai.hgc.jp/~mdehoon/software/cluster/).
Significantly atered genes were submitted to GeneMANIA (http://genemania.org/)

software for network analysis [212-214].

3.3 RESULTS

3.3.1 CDDO-Mewas more cytotoxic than CDDO-Im

The cytotoxicity of CDDO-Im and CDDO-Me was examined from 0 to 3000 nM
and are shown in (Figure 3.1). Equimolar CDDO-Me doses between 2000 nM and 3000
nM were more cytotoxic than CDDO-Im. The dose used for subsequent testing in the
cytoprotection assays was 200 nM for both compounds as this dose by itself had no effect
on viability.

3.3.2 CDDO-Im was mor e cytoprotective against oxidant stressthan CDDO-Me

In contrast to other studies in which cells were treated for 6-24 h prior to injury
[127, 195-197]; CDDO-Im and CDDO-Me protected HUVEC against menadione-

induced oxidative stress when given at the initiation of injury with menadione. Seventy
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MM menadione reduced the viability of HUVEC by 90% and CDDO-Me improved
survival to 40% +1.7 while CDDO-Im improved survival to 50% +2.6 (Figure 3.2). This
result indicated this class of compounds can stimulate the cytoprotective response more
rapidly than has been reported for other inducers of cytoprotection, although greater

cytoprotection was provided with apreincubation of 6 h [188].

3.3.3 CDDO-Im and CDDO-Me have different gene expression profiles

Gene expression profiling of CDDO-Im and CDDO-Me in HUVEC treated for 6
hours was compared to the vehicle control using Agilent Whole Human Genome
microarrays. Of the 44,000 probes interrogated on the microarray, 14,000 were present
and detected by BRB-Array Tools, which performed a univariate T-test to determine
significance of differentially induced genes. Twenty-three significantly up- or down-
regulated genes were found to be in common with both compounds, however, 382
additional genes were dtered in their expression by CDDO-Im only (Figure 3.4). A heat
map of genes statistically altered in their expression (up- or down-regulated more than 8-
fold) following clustering is shown in (Figure 3.3). Both CDDO derivatives highly
induced HMOX1, (39-fold by CDDO-Im) and 26-fold (CDDO-Me) compared to the
DMSO control, but CDDO-Im induced the expression to a greater extent (P<0.005).
Similarly, greater increases in gene expression resulting from CDDO-Im treatment were
seen in other genes including HSP1A1, SPON2, COL1A1, and NQO1 (P<0.005; Figure

3.3).
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Network analysis using Genemania was performed to evaluate the connectivity
between the twenty-three “in common” set of genes between CDDO-Im and CDDO-Me
(Figure 3.8) and the “differences’ between the two compounds by network analysis of the

382 CDDO-Im only expressed genes (Figure 3.9).

3.34 RT-PCR and Western Blotting confirms expression differences

To validate the microarray results, quantitative RT- PCR was performed on
several key genes at 6 h. The results confirmed that the HMOX1 gene was up-regulated
about 29-fold for CDDO-Im and 20-fold for CDDO-Me (Figure 3.5) while the protein
product (6h time point) for Heme Oxygenase-1 was shown to have a 4-fold increase for
CDDO-Im compared to a 2.4-fold increase for CDDO-Me compared to DM SO control
(Figure 3.6). mRNA induction of heat shock protein 70 (HSPA1A) similarly confirmed
the microarray results such that CDDO-Im had a 5.5-fold increase compared to CDDO-
Me (2.8-fold) (Figure 3.5). BCL2 binding component 3 (BBC3) mRNA expression,
through RT-PCR, showed cogent down-regulation for CDDO-Im and CDDO-Me (0.71-
fold and 0.76-fold respectively; Figure 3.5). Additionally, gene expression differences
between the compounds seen in the microarray studies were confirmed by RT-PCR
including increased induction of expression by CDDO-Im treatment of SPON2,
COL1A1, and NQO1 (Figure 3.5). Furthermore, CDDO-Im treatment resulted in
significantly greater protein induction of NQO1 compared to DMSO control (P<0.05)

while CDDO-Me was unchanged compared to the same control (Figure 3.6).
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3.3.5 Hemeoxygenase-1inhibitor (SnPPIX) abrogates CDDO-Im cytoprotection

To test whether the cytoprotective component responsible for the protection
shown by CDDO was dependent on HMOX1 activity, HMOX1 activity was blocked by
its competitive inhibitor SnPPIX [2, 215, 216]. By coincubation with varying
concentrations of SnPPIX and 200 nM CDDO-Im a reduction in cytoprotective activity
was seen against a 70 pM induced menadione oxidative stress injury in HUVEC (Figure

3.7).
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Figure3.1: Cytotoxicity of CDDO-Im and CDDO-Meto HUVEC. Vaues are presented
as means with standard deviations (n=3). Cell viability is shown as percent
of control, and less than 90% was considered toxic. CDDO-Me was
significantly more toxic in HUVEC at 2000 and 2500 nM.
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Figure 3.2: Cytoprotection against a 70 uM dose of menadione-induced injury in
HUVEC by CDDO-Im and CDDO-Me (200 nM). Values are presented as
means with standard deviations (n=4). Treatment with CDDO-Im resulted in
asignificant difference in cell viability compared to CDDO-Me. DMSO
treated HUVEC were used as control at afinal concentration of 0.1%.
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Figure 3.3: Cluster image showing most up and down regulated genes compared to
vehicle control. Hierarchical agglomerative clustering of genes exhibiting
more than an 8-fold statistical alteration in expression (FDR<10%) based on
Pearson’s correlation coefficient.
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Figure 3.4: Venn diagram showing similarities and differences between CDDO-Im and-
Me gene expression.
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Figure 3.5: Gene expression levelsinduced by CDDO-Im and CDDO-Mein HUVEC
measured with quantitative real-time PCR (RT-PCR). HMOX1 expression
was highly increased (29-fold) in CDDO-Im group compared to DM SO
control. CDDO-Me group induced HMOX1 to alesser extent (20-fold)
compared to the control group. HSPA1A, SPON2, NQO1, and COL1A1
genes similarly demonstrated significantly higher expression levelsin
CDDO-Im treated samples when compared to CDDO-Me. Vaues are
presented as means with standard deviations (n=4). * P<0.005 versus
DM SO; #P<0.005 versus CDDO-Me; $P<0.05 versus CDDO-Me.
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Figure 3.6. Heme oxygenase-1 and NQOL1 protein induction by CDDO-Im and CDDO-

Mein HUVEC by relative Western blot analysis. Heme oxygenase-1 protein
expression was increased (4-fold) in CDDO-Im group compared to DM SO
control (final concentration of 0.1%). CDDO-Me group induced HMOX1
protein expression to alesser extent (2.4-fold) compared to the control

group (n=3). NQOL protein induction by CDDO-Im was significantly
greater than DM SO control (P< 0.05), but not statistically different than
CDDO-Me treated samples which showed similar protein induction as the
controls (n=3). Vaues are presented as means with standard deviations.
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Figure3.7: The effect of HMOX1 inhibitor SnPPIX on 200 nM CDDO-Im
cytoprotection against menadione (MD)-mediated oxidative injury in
HUVEC. Values are presented as means with standard deviations (n=3).
SnPPIX exerted dose-dependent suppression on 200 nM CDDO-Im and
CDDO-Me (data not shown) protection against 70 uM MD-induced
oxidative injury (70 uM menadione dose used at all doses of SnPPIX).
Control was 70 pM menadione without addition of SnPPIX resulting in
~90% toxicity.
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Figure 3.8:
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Network of genes constructed on the basis of the functional and biological
connectivity of genes. This network highlights the genes induced in
common by CDDO-Im and CDDO-Me. The network is graphically
represented as nodes (genes) and edges (the biological relationship between

genes).
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Figure 3.9: Network analysis using Genemaniato highlight genes highly expressed by
CDDO-Im. This network was constructed by reference to molecular
functional and biological connectivity of genes. The network is graphically
represented as nodes (genes) and edges (the biological relationship between
genes). Thisresponse related to topologically incorrect proteins and the
response to unfolded proteins.
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34 DiscussioN AND CONCLUSIONS

Oxidative stress is a well-known pathology of ischemia/reperfusion injury [217,
218]. Compounds that are capable of influencing pathways involved in oxidative stress-
related injuries may be attractive drug targets. CDDO and derivatives were developed as
anti-inflammatory [219-221] and anti-tumor agents [222] and has recently been shown to
possess a variety of mechanisms [107]. At high doses, CDDO-Im and CDDO-Me aong
with CDDO have been shown to induce apoptosis and inhibit proliferation of malignant
as well as premalignant cells [223]; while non-apoptotic low doses such as those studied
here have recently been demonstrated to provide potent activation of the protective
Nuclear factor-erythroid 2 p45-related factor 2 (Nrf2) pathway including genes such as
GCLC, NQO1, and HMOX1 [131]. Nrf2 plays a pivota role in regulating the cell’s
antioxidant response through the antioxidant response element and has been shown to be
involved in repair and recovery from acute kidney injury in mice primarily through the
upregulation of Nrf2 and activation of its downstream genes. Further highlighting the
importance of this class of genesLie, M et a. showed that Nrf2-deficient mice resulted in
significant worsening of ischemic and nephrotoxic acute kidney injury compared to wild-
type mice in the same ischemic model [224].

In this study, it was determined that there are differences in cytotoxicity and
cytoprotection between these two derivatives of CDDO. Potent cytoprotection by each
compound was obtained when administered at the initiation of injury indicating that these
compounds provide rapid induction of the cytoprotective response that is long lasting.
This result revealed that this class of compounds can stimulate the cytoprotective
response more rapidly than has been reported for other inducers of cytoprotection,
although greater cytoprotection was provided with a preincubation of 6 hrs [188].Gene
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expression differences of these two structuraly similar CDDO derivatives in human
umbilical vein endothelial cells suggests that small changes in structure can potentially
have significant transcriptiona effects including potency, cytoprotection, and induction
of gene expression as highlighted in this study [2]. Gene expression differences
highlighted in the heat map and network analysis could explain the observed differences
between the two compounds, but the mechanisms are still unclear. Network analysis of
biological systems provided a means to represent complex interactions between genes
and their products with a systems perspective. Network representation considers
molecular components as nodes and their direct or indirect interactions as links or edges
and enables integrations of data from many sources into a single framework [225].
Previous work using caffeic acid phenethyl ester (CAPE) provided cytoprotection in a
dose-dependent fashion and was determined to be a good inducer of HMOX1. However,
this and similar compounds used for cytoprotection had to be utilized as a pre-treatment
against oxidative stress injury, mainly attributed to the need for development of a
transcriptiona response. The more rapidly this cytoprotective response can be induced
the greater the improvement in survivability of oxidant stressed cells[2, 49, 50].

This is the first study to compare the association of cytoprotective activity of
CDDO-Im and CDDO-Me in HUVEC in an immediate post-treatment setting and to
describe the transcriptional differences between the two derivatives of CDDO in this cell
type. While it is known that differences in potency between derivatives of CDDO exist
[195, 226], a transcriptional basis for this difference had not been established. In the
comparison between the different derivatives it was determined that both are potent
inducers of HMOX1 which was confirmed by RT-PCR and western blot, but results
showed that CDDO-Im was a better inducer of the cytoprotective gene than CDDO-Me.

Under oxidative stress conditions, HMOX1 expression is rapidly induced in most cell
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types, including HUVEC [227, 228] [191, 229, 230]. HMOX1 becomes the rate-limiting
enzyme responsible for the initial step in the oxidative degradation of heme into
biliverdin, iron, and carbon monoxide (CO)[231]. Severa studies report that the
induction of HMOX1 or its catalyzed heme products protect various organs from
ischemialreperfusion injury in vivo including a recent study using rats to study the tissue
damage caused by an ischemial reperfusion injury [232].

In the present study, HMOX1 was determined to be largely responsible for the
observed cytoprotection by use of a known HMOXZ1 inhibitor. Studies using SnPPIX, a
well-known inhibitor of HMOX1 [233, 234] revealed that cytoprotection was decreased
in a dose-dependent manner as the concentration of the inhibitor was increased,
indicating HMOX1 was key for protection. However, other genes as demonstrated by
gene expression profiling may modulate cytoprotection as well.

Gene expression studies using CDDO-Im and CDDO-Me with different cell types
have shown similar up-regulation of HMOX1 and NQO1 and were similarly shown to be
controlled by Nrf2 activation [131, 191, 235]. Unique to the transcriptional response of
HUVEC were potentially protective genes such as heat shock protein 70 (HSPA1A) and
down-regulation of pro-apoptotic gene BCL2 binding component (BBC3). It was
determined that HSPA1A was induced significantly more by treatment with CDDO-Im
than CDDO-Me. HSPA1A has been shown in many disease models to be highly
protective and induction of this gene has been related to ischemia/reperfusion injuries and
activation of the Nrf2 pathway [236, 237]. The difference in the expression levels
between the CDDO-Im and CDDO-Me could partially explain the apparent difference in
cytoprotection. Induction of BCL2 binding component (BBC3) gene functions by
triggering mitochondrial associated events that lead to apoptosis by involvement with a

conserved cell death pathway [191, 238, 239]. Our results show that BBC3 is down-
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regulated in HUVEC by treatment with both CDDO-Im and CDDO-Me, suggesting an
additional potential means for the observed cytoprotection. While not the main source of
protection against oxidative stress injury; protection from down-regulation of pro-
apoptotic genes like BBC3 and induction of genes such as HSPA1A combined with the
potent HMOX1 response could be provide a synergistic effect allowing for increased
protection against injury. Furthermore, the value of incorporating gene expression
analysis into the early stages of drug evauation for specific disease processes is
demonstrated.

Understanding the actions and potential adverse effects of drugs by considering
the targets in context of biologica networks alows integration of the systems-level
understanding of drug action [240] [153, 241]. While this study highlights cytoprotection
and gene expression differences in two structurally similar compounds; some limitations
of the study do exist. First, the studies presented here only test cytoprotection and gene
expression in asingle cell type. HUVEC have thoroughly been studied in similar models
and are an appropriate cell type to use in evaluating drug effects in an in vitro oxidative
stress injury model; testing the response of CDDO derivatives in other tissue specific cell
types could provide further understanding to overall mechanisms. Moreover, while gene
expression differences was identified as a compelling cause for observed differences
between CDDO-Im and CDDO-Me; no pharmacokinetic or metabolism data was
presented here to elucidate actual reasons for seen differences. Future studies in these
areas could shed light on differences in mechanisms of action between the two
compounds. Finaly, future studies examining gene expression over a time course could
provide valuable information on upstream initiators of observed gene expression at later

time points such as presented here.
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In conclusion, the results here confirm our previous findings that induction of
cytoprotective genes, such as HMOX1, provide significant cytoprotection against
oxidative stress injury and when used in this in vitro model of oxidative stress injury
provide insight into the eventual use of these types of compounds for therapeutic use.
This study compared the gene expression profiles between CDDO-Im and CDDO-Me in
HUVEC and revealed that significant differences exist between the structurally similar
compounds. Cytoprotective effect was attributed to novel findings such as the expression

of geneslike BBC3 and differencesin induction of HSPA1A aswell as HMOX1.
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CHAPTER 4

Transcriptome Kinetics of 1[2-cyano-3,12-dioxooleana-1,9(11)-dien-28-
oyl] imidazole (CDDO-Im) in Human Umbilical Vein Endothelial Cells
(HUVEC): Mechanism of Action of Cytoprotection

4.1 INTRODUCTION

The synthetic oleanane triterpenoids 2-cyano-3,12 dioxooleana-1,9 dien-28-
imidazolide (CDDO-Im) and 2-cyano-3,12-dioxooleana-1,9-dien-28-oic acid (CDDO-
Me) have been shown to protect against oxidative stress in various cell and animal
models [127, 181, 189-191] and exhibit anti-inflammatory properties [107]. In addition,
these two compounds have been shown to provide a chemopreventative effect against
certain tumors, largely by reducing the viability of these cells [192-194]. Comparing
these two structurally different forms of CDDO, | previously determined that there is a
similar degree of cytoprotection between the two compounds, however, significant
differences in gene expression were seen between the two following a 6 hour treatment
on human umbilical vein endothelia cells (HUVEC). CDDO-Im was shown to induce
more gene expression changes than CDDO-Me and resulted in significantly higher
expression levels of key cytoprotective genes including heme oxygenase-1 (HMOX1)
[242].

CDDO-Im and its analogs have been shown to elicit protective effects largely
through activation of the transcription factor nuclear factor erythroid 2-related factor 2

(Nrf2) [122, 125, 131]. Previous work in our lab with CDDO-Im and CDDO-Me
87



supported the central role of Nrf2 in homeostasis [188, 243] and its role in HMOX1
induction; additionally, it identified potentially new genes that provide additional
cytoprotection. A recent study evaluated the kinetics of HMOX1 induction by four
different transcription factors (HSF-1, AP-1, NRF2, and NF-xB) and showed that they
differ in their mechanism of action and kinetics of inducing HMOX1 [244]. That study
highlighted the need for a better understanding of protective mechanisms of action that
accurately takes into account the temporal nature of gene response over time; through the
use of mathematica modeling the study revealed multiple pathways for HMOX1
induction. The study presented here expands on that approach by studying transcriptional
kinetics of a relevant system that not only allows for modeling with experimentally-
derived data, but also extends the study of mechanism of action by employing further
analysisto identify upstream initiators of observed gene expression.

CDDO-Im cytoprotection of HUVEC was investigated by studying gene
expression over a time course (0.5, 1, 3, 6, and 24 h). The purpose of the present study
was to utilize the changes in gene expression caused by CDDO-Im over time as a model
for identifying key genes, particularly at early time points, that are responsible for our
previously reported cytoprotective effect [188, 243]. Additionally, analysis with
Expression2Kinases (X2K) was used to further identify relevant transcription factors,
kinases, and complexes that drive observed changes in global gene expression [245].

Observing and measuring temporal changes in an experimental model such as the
one presented here will alow for better understanding of this dynamic response and may

provide insight into the actua regulatory mechanisms responsible for cytoprotection;
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critical processes required for downstream initiation of cytoprotective genes will be
investigated by focusing on early time points. This study also seeks to provide methods
that allow for the discovery of mechanisms of action involved in cytoprotection from
CDDO-Im by describing observed regulatory effects through detection of cellular
processes over time, using regulatory networks and clustering methods, and assigning
function to the genes throughout the time course in an approach that can be applied to

additional model systems.

4.2 MATERIALSAND METHODS

421 Materials

CDDO-Im (96% purity) was purchased from Toronto Research Chemicals Inc.
(Toronto, Ontario, Canada). DM SO was from Sigma-Aldrich (Saint Louis, MO, USA).

4.2.2 Cdl Culture

Stock cultures of gender-mixed HUVEC (Lifeline Cell Technology, Walkersville,
MD) pooled from 10 different donors were cultivated on T75 flasks (Corning in MCDB
131 medium at 37 °C in a humidified atmosphere of 92% nitrogen and 3% oxygen 5%
CO2 with medium changes every 2 days until confluent [203, 204]. MCDB 131 Medium,

Trypsin/EDTA, antibiotic/antimycotic were obtained from Life Technologies (Carlsbad,
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CA). Endothelial supplements were obtained from ATCC. Prior to an experiment,
HUVEC were subcultivated with Trypsin/EDTA onto Costar® 96-well multiplates
(Corning Incorporated, Corning, NY, USA) at 5000 cells’cm2, grown to confluence and
kept for 72 h to produce a quiescent cell layer. Only the second through fifth population
doublings of cells were used as described in [2].

4.2.3 Total RNA |solation

Total RNA was extracted from cultured HUVEC grown in 12-well multiplates
with TRI™ reagent according to the manufacturer’s instructions (Molecular Research
Center, Cincinnati, OH, USA). RNA yield was quantified using NanoDrop® ND-1000
Spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA), and its quality
was assessed by electrophoresis on 1% agarose gels containing 1:1000 SYBR Gold in the
loading buffer (Invitrogen, Carlsbad, CA, USA).

4.2.4 Polyacrylamide gel electrophoresis and western blotting

Protein was extracted from the HUVEC after incubation with CDDO-Im (0.2 pM)
for each of the time points represented in the microarray experiment (0.5,1, 3, 6, 24 hr),
by addition of 50 pl of lysis buffer (Life Technologies, Grand Island, NY) containing
10 mM tris (carboxyethyl) phosphine hydrochloride (Sigma, St Louis, MO, USA).
Fifteen microliters, containing approximately 5 pg of protein, from each treatment were
run on E-PAGE 96-well 6% gels (Life Technologies) and then transferred to a

nitrocellulose membranes (Life Technologies). After blocking in blocking buffer
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(LICOR, Lincoln, Nebraska USA), the blots were then incubated with rabbit HMOX1,
HSP105, PHD, DY RK3, or HSP70 primary antibodies (Assay Designs Inc., Ann Arbor,
MI, USA; 1:5000) for 1 h. The blots were washed three times with 0.1% Tween 20 in
PBS and incubated with donkey anti-rabbit secondary antibody (LICOR) for 30 minutes
before three more washes and then allowed to dry for visualization. Visuaization was
performed using the Odyssey imaging system (LI-COR Biosciences) that allowed for

dual labeling of two different proteins.

4.25 Geneexpression analysis

RNA (500 ng) from four replicates for each time point (0.5, 1, 3, 6, and 24 hrs)
were labeled following Agilent’'s Low RNA Input Linear Amplification Kit (Agilent,
Santa Clara, CA). All sample-labeling, hybridization, washing, and scanning steps were
conducted according to the manufacturer’s specifications. For each group, 200ng of
cRNA from each labeling reaction was hybridized to the Agilent Whole Human Genome
Oligo Microarray (Agilent). The Whole Human Genome Oligo Microarray isin an 8 X
60k dlide format and microarray interrogates all known genes. After hybridization, the
dlides were washed and then scanned with the Agilent G2505C Microarray Scanner
System (Agilent). The fluorescence intensities on scanned images were extracted and

preprocessed by Agilent Feature Extraction Software.
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426 Statistical analysis

Microarray data analysis and statistical analysis were performed with BRB Array
Tools [209]. Heat maps were generated in the BRB Array Tools utilizing the time course
module that incorporates the Cluster and TreeView programs [210]. Genes were
considered statistically significant with P value <0.001 and false discovery rate (FDR)
value of <5%. Filtered data andyzed by BRB Array Tools was submitted to
GeneMANIA for network analysis. This program represents the complexity of biological
regulatory systems as networks whose topology provides a manageable technique for
analyzing the principal components of a complex system. Principal components (genes or

proteins) are nodes and interactions are depicted as edges [213].

4.2.7 Expression 2 Kinases (X2K) analysis

The early-immediate time-course gene expression data (30 min & 1 h) were
submitted to Expression2Kinases (X2K) used to identify upstream regulators likely
responsible for observed patterns of genome wide gene expression [245]. This
bioinformatic package works by integrating ChlP seg/chip and position weight matrices
(PWMs) data, protein-protein interactions, and kinase substrate phosphorylation reactions
into gene expression studies to further investigate upstream regulators of expression. The
most likely transcription factors that regulate the differences in gene expression are
inferred, then known protein-protein interactions are connected to the identified
transcription factors using additional proteins for building transcriptional regulatory

subnetworks centered on these factors, and finaly use kinase substrate protein
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phosphorylation reactions, to identify and rank candidate protein kinases that most likely

regulate the formation of the identified transcriptional complexes.

4.2.8 Transcriptokinetic analysis

Gene expression-time profiles of HMOX1, JUNB, and FOS were modeled using
WinNonLin version 2.1 by Pharsight (Sunnyvale, CA) to determine half-life (t1/2) for
gene expression as a function of time. Observed and model-predicted fits of the data were
graphed.

The gene expression-time profile data was anayzed for purposes of calculating

t1/2 using the following mode!:

K Initiation K Termina

— Gene

The K niiiaion phase represents the initiation of the gene expression response
caused by treatment of the compound; K temina represents the termina phase of gene
expression response as expression decreases towards baseline levels. Half-life was

calculated for K nitiation @nd K termina phases.
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4.3 RESULTS

4.3.1 Time course gene expression profiling of CDDO-Im reveals different
response phases

Gene Expression profiling of CDDO-Im treated for 0.5, 1, 3, 6, and 24 hours was
performed using Agilent Whole Human Genome microarrays. Clustering of the time
course yielded good correlation between the replicates and expresses the
similarity/differences between time points as shown in (Figure 4.1). A heat map of genes
statistically altered in their expression up- or down-regulated more than 8-fold across the
time following clustering is shown in (Figure 4.2). CDDO-Im induced genes as quickly
as 0.5 hincluding genes involved in early growth response (ERG1, EGR2, and EGR3) as
well as genes such as FOS (regulators of cell proliferation, differentiation, and
transformation in the early phases (0.5-1 h) of gene expression response induced by
CDDO-Im (Table 4.2). Additionally, protein coding genes (CXCL2 and CXCR4) and
genes induced by cytokines such as SOCS3 were present by 0.5 h. These genes were up-
regulated by 0.5 h and quickly returned by 3 h to basal levels.

Genes identified in the intermediate phase (3 and 6 h expression levels) of the
global gene expression analysis included known protective-related genes such as:
HMOX1, NQO1, HSP1A1, HSP1AB, TAGLN, SRXN1, PTPRU, and UNC5B (Table
4.3). Severa of these genes, asillustrated in (Table 4.1), are directly related to the NRF2
or ARE pathways and are known to be downstream protective genes induced through

signaling and phosphorylating events.
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Expression of genes in the late phase (24 h) of the expression profile (24 h)
included PGD, MYCN, SPRY 1, and EPHX1 and largely resembled the control (DM SO-
treated) gene expression profile (Table 4.4).
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Symbol |Gene Name  |Function 0.5/DMSO|1h/DMSO|3h/DMSO|6h/DMS0|24h/DMSO
IL-10 Anti-inflammatory
Signaling Pathway,
e Oxidative Stress Induced
HMOX1 |oxygenase . .
(decycling) 1 Gene Expression Via
Nrf2, Porphyrin and
chlorophyll metabolism 1.72 5.17 7.96 7.69 6.21
NAD(P)H . .
NQO1 |dehydrogenase, EydeXIa andlp53 |r;the
quinone 1 ardiovascuiar system 0.79 0.66 1.50 2.57 4.52
ung " PP | osteoclast differentiati
oncogene steociast difierentiation 7.81 4.58 1.85 1.17 1.30
FBJ murine B Cell Survival Pathway,
FOS osteosarcoma |BCR Signaling Pathway,
viral oncogene |Oxidative Stress Induced
homolog Gene Expression Via Nrf2 45.26 7.03 4.15 1.53 1.20
Dnal (Hsp40)
homolog,
DNAJA4 subfamily A,
member 4 0.94 1.19 1.82 1.94 0.87
Dnal (Hsp40)
DNAJB11 homolo.g, Protein pro.ce55|.ng in
subfamily B, endoplasmic reticulum
member 11 0.67 0.83 1.06 1.00 0.77
glutamate-
GeLe cysteine ligase, [Glutathione metabolism,
catalytic Metabolic pathways
subunit 1.08 0.77 0.67 1.43 1.29
glutamate-
GCLM cysteine ligase, |Glutathione metabolism,
modifier Metabolic pathways
subunit 1.00 0.83 1.11 1.36 1.25
Table4.1: Altered NRF2-mediated gene set. This table shows gene expression values

in response to CDDO-Im treatment throughout the time-course that are
known to be mediated through the NRF2 oxidative stress response pathway.
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EGR3 early growth response 3 80.6 42.4 1.6 0.3 0.3
nuclear receptor subfamily 4,

NR4A1l group A, member 1 63.9 22.9 0.6 04 04
FBJ murine osteosarcoma viral

FOS oncogene homolog 45.3 7.0 4.2 1.5 1.2

EGR2 early growth response 2 26.1 10.8 0.8 0.9 0.2
FBJ murine osteosarcoma viral

FOSB oncogene homolog B 23.5 24.3 3.7 1.0 2.8

EGR4 early growth response 4 15.6 16.9 3.1 1.0 1.0

EGR1 early growth response 1 8.5 2.1 1.8 1.3 0.4

DUSP1 dual specificity phosphatase 1 8.4 1.2 0.6 0.9 0.7

KLF4 Kruppel-like factor 4 (gut) 8.1 8.4 1.8 1.0 0.6

JUNB jun B proto-oncogene 7.8 4.6 1.9 1.2 1.3

Table4.2  Top 10 most highly expressed genes in the “early” phase (0.5-1 h) of

induction resulting from treatment with a 200 nM dose of CDDO-Im in

HUVEC.
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NOG noggin 12.2 31.5 24.6 0.7 0.7
coagulation factor lll (thromboplastin,

F3 tissue factor) 2.9 5.7 9.2 5.6 1.3
dapper, antagonist of beta-catenin,

DACT1 homolog 1 (Xenopus laevis) 2.3 8.5 8.2 1.4 0.9

HMOX1 | heme oxygenase (decycling) 1 1.7 5.2 8.0 7.7 6.2

ATOHS8 atonal homolog 8 (Drosophila) 1.9 7.9 7.2 1.4 1.4

CLDN23 | claudin 23 6.1 13.0 5.6 1.4 2.2
hairy/enhancer-of-split related with

HEY1 YRPW motif 1 43.6 55.7 5.4 0.9 1.2

ALPK2 alpha-kinase 2 1.8 1.0 5.4 1.0 2.1

FZD7 frizzled family receptor 7 6.8 20.8 5.3 4.1 0.9

RASL11B | RAS-like, family 11, member B 8.4 16.9 5.1 0.9 0.4

Table4.3  Top 10 most highly expressed genes in the “intermediate” phase (3-6 h) of

induction resulting from treatment with a 200 nM dose of CDDO-Im in

HUVEC.
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0.5h/ 1h/ 3h/ 6h/ 24h/
Symbol | Name DMSO | DMSO | DMSO | DMSO | DMSO
glycosylphosphatidylinositol
anchored high density lipoprotein
GPIHBP1 | binding protein 1 1.6 2.1 1.8 1.5 12.6
CXCR4 chemokine (C-X-C motif) receptor 4 1.8 1.1 0.5 0.9 12.0
mannosidase, alpha, class 1C,
MAN1C1 | member1 4.9 5.4 4.0 1.1 9.8
TFEC transcription factor EC 1.7 0.8 1.7 3.4 7.1
FLJ34503 | uncharacterized FLJ34503 3.5 2.6 1.7 1.0 6.7
actin filament associated protein 1-
AFAP1L2 | like 2 5.1 4.9 2.6 1.6 6.6
TIMP3 TIMP metallopeptidase inhibitor 3 4.8 5.0 3.7 1.1 6.2
sema domain, transmembrane
domain (TM), and cytoplasmic
SEMAGA | domain, (semaphorin) 6A 5.3 1.6 0.7 0.7 5.9
INHBB inhibin, beta B 7.7 9.0 2.0 0.7 5.9
adenomatosis polyposis coli down-
APCDD1 | regulated 1 1.6 1.9 0.8 0.6 5.4

Table4.4  Top 10 most highly expressed genes in the “late” phase (24 h) of induction
resulting from treatment with a 200 nM dose of CDDO-Im in HUVEC.
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4.3.2 Profiling revealstime pointsfor maximal expression of NRF2 mediated genes

Gene expression levels of known NRF2 mediated genes are shown in (Table 4.1).
Examining the results over time shows the time point at which maximal expression is
achieved. Early genes such as JUNB and FOS exhibit rapid increases in gene expression
(7.81 and 45.26, respectively) at the 0.5 h time-point. Other NRF2 mediated genes such
as HMOX1 and NQOL1 obtain peak expression later in the time-course (7.96 at 3 h for
HMOX1 and 4.52 at 24 h for NQO1).

4.3.3 Western blotting across time cour se

To vaidate the microarray results, as well as investigate translation of protein
products over the time course; western blotting was performed on several of the
significantly expressed genes. (Figure 4.3) shows protein expression for HSP105,
DYRK3, PHD, HSP70 and HMOX1 at 1, 3, and 6 h. HMOX1 showed 2, 3, and 12-fold
increases in protein expression compared to DMSO at 1, 3, and 6h respectively, P<0.05
for all time points. HSP105 showed 1.2, 1.4, and 4.7-fold increases compared to DM SO,
P<0.05. PHD exhibited protein expression levels that were all close to 1-fold increase
compared to DMSO which were consistent with mRNA levels from the microarray.
DYRKS3 had small, but significant increases in mRNA levels in the gene expression
profiles; this finding was confirmed by protein expression levels (1.0, 1.3, 1.8-fold)
compared to DMSO, P<0.05. HSPA1A showed similar trend such that the protein

expression levels exhibited small increases over the time course (1.2, 1.4, and 1.6),
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P<0.05. The mRNA expression obtained from the microarray analysis for HSPA1A at
the sametime points (1, 3, and 6 h) were 0.74, 2.1, and 4.8-fold increased respectively.

4.3.4 Correlation of functional and biological connectivity using network analysis

To focus on early initiators of the gene expression profile, network analysis was
performed using Genemania on the 0.5 h samples after dosing with 200 nM CDDO-Im.
The network graphically represents nodes (genes) and edges (the biological relationship
between genes). This network included genes such as NR4A2, FOS, JUNB, severa EGR
variations and identified DUSP1 as a key immediate-early gene. This class of genes
includes functions such as early growth stimulation, cell differentiation and growth, and
signal transduction (Figure 4.4). (Figure 4.5) demonstrates a network that highlights

intermediate gene expression 3 h after treatment with CDDO-Im.

435 Expresson2Kinasesrevealskey protein kinase eventsincluding role of
MAP2K 1

To identify key early regulators of protection provided by CDDO-Im, the time-
course gene expression study was submitted to Expression2 Kinases (X2K) for analysis
of transcription factors, intermediate proteins, and protein kinases that regulate
downstream induction of cytoprotective genes. Once the expression data was submitted
to the software for analysis alist of predicted transcription factors were generated.

Using the top predicted transcription factors as seeds for building protein

complexes a subnetwork of intermediate proteins were identified; these proteins connect
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through known protein-protein associations to the transcription factors as well as the
known protein kinases involved that phosphorylate the protein complexes. Among these
predicted kinases dua specificity mitogen-activated protein kinase kinase (MAP2K1)
was identified as playing a compelling early role in the regulation of subsequent gene

expression (Figure 4.6).

4.3.6 Gene expression-time profiling

The gene expression-time profiling data was analyzed for HMOX1, JUNB, and
FOS genes. The fit and haf-lives of the HMOX1 gene expression-time profile can be
seen in (Figure 4.7). Modeling of HMOX1 gene expression revealed at1/2 K pitiaiion = 0.9
h and t1/2 Kyemina = 44.9 h. JUNB fit and half-lives are shown in (Figure 4.8) and
resulted in Kypitiaion = 0.02 h and t1/2 Ktemina = 1.2 h. Modeling of FOS gene expression
revealed atl/2 K pitiation = 0.3 h and t1/2 Ktermina = 0.2 h and are shown in (Figure 4.9).
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Dendrogram for clustering experiments,
using centered correlation and average linkage.
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Figure4.1: Dendrogram used for clustering time-course gene expression data. Clustered
anayzed using centered correlation and average linkage. Dendrogram
generation was done with Treeview [211] and analysis performed with
Cluster 3. This dendrogram demonstrates the connectedness of each sample
used in the microarray studies and illustrates tight grouping of the biological
replicates.
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Figure4.2: Hierarchical agglomerative clustering of genes exhibiting more than an 8-
fold statistical alteration in expression (FDR<10%) based on Pearson’s
correlation coefficient.
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*P< 0,05 Com pared to DMSO
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Figure4.3: Protein induction by CDDO-Im in HUVEC by relative Western blot
analysis for time-points 1, 3, and 6 h. HMOX1, HSP105, PHD, DYRK3,
and HSP70 were al compared to DM SO control (0.1% fina concentration).
Values are presented as means with standard deviations (n=4). *P<0.05
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Figure4.4: Network of genes constructed by GeneMania Software on the basis of the
functional and biological connectivity of genes. This network highlights the
genes induced by CDDO-Im after treatment for 0.5 h and represents the
immediate early gene response. The network is graphically represented as
nodes (genes) and edges (the biological relationship between genes). Black
nodes represent significantly expressed genes present in the input data
submitted to Genemania. Grey nodes represent genes returned by
Genemania. The size of each node is proportional to the degree of
connectivity within the network while the edge width is proportional to the
confidence of the connection.
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Figure4.5: Network of genes constructed by GeneMania Software on the basis of the
functional and biological connectivity of genes. This network highlights the
genes induced by CDDO-Im after treatment for 3 h and represents
intermediate gene expression response to CDDO-Im. The network is
graphically represented as nodes (genes) and edges (the biological
relationship between genes). Black nodes represent significantly expressed
genes present in the input data submitted to Genemania. Grey nodes
represent genes returned by Genemania. The size of each nodeis
proportional to the degree of connectivity within the network while the edge
width is proportiona to the confidence of the connection.
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Figure 4.6: Expression2Kinases network constructed on the basis of the transcription
factors, protein protein interactions and protein kinases acting within 30 min
of treatment with CDDO-Im. Transcription factor nodes (red) Protein-

Protein Interactions nodes (yellow) and kinase (green). Network generated
with Cytoscape 3.1.1.
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Figure4.7. Gene expression-time profile of HMOX1 after treatment with a 200 nM

dose of CDDO-Im. Observed concentrations are shown along with the fitted
line.
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Figure 4.8: Gene expression-time profile of JUNB after treastment with a 200 nM dose
of CDDO-Im. Observed concentrations are shown along with the fitted line.
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Figure4.9: Gene expression-time profile of FOS after treatment with a 200 nM dose of
CDDO-Im. Observed concentrations are shown along with the fitted line..
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4.4 DiscussioN

Time-course gene expression through transcriptomic and proteomic data analysis
has increasingly become a well-recognized approach in the study of cellular responses to
stimuli such as potential drug discovery, development, and drug therapeutics [164, 246].
The technology is well-suited for the dynamic nature of gene expression over time and
allows for detailed examination of underlying mechanisms. This study highlights a
multileveled use of bioinformatics tools that incorporates human time-course gene
expression data in a systems pharmacology approach to illustrate a method for detailing
mechanisms for observed genome-wide gene expression patterns.

The model as presented in this study addresses several limitations that often exist
in much of current gene expression research to date. First, researchers too often focus on
asingle or final time point alone and fail to take full advantage of the temporal nature of
genes over time [247, 248]. Understanding the transcriptiona kinetics offered by time
course studies alows for more accurate profiling of not just a single gene, but sets of
related genes that potentially offer greater significance when studied from a series of time
points. Secondly, utilizing a multileveled approach such as the one presented here offers
superior understanding into the underlying mechanisms responsible for observed
responses [249]. The integration of programs such as expression to kinases (X2K) takes
expression data one-step further and allows for identification of regulatory mechanisms
upstream of gene expression.

Time course gene expression anaysis of HUVEC treated with 200 nM CDDO-Im

revealed distinct phases of gene expression as a function of time; the dynamic nature of
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the most significantly expressed genes are illustrated in the clustering analysis and heat
map presented in this work. Of particular interest is the early response (0.5 h), which is
key for understanding mechanisms that drive downstream gene expression responses and
regulate critical cellular signaling events. This work is the first of its kind to examine
CDDO-Im in HUVEC from a systems pharmacology approach by utilizing time course
gene expression and applying further novel anaysis to truly elucidate initiators of
upstream gene expression.

Furthermore, a novel approach to analyzing time course gene expression data
using transcriptome modeling was demonstrated in this work by using HMOX1, JUNB
and FOS genes as examples of data that could be obtained by evauating gene expression
levels as a function of time. Transcriptome modeling of gene expression levels through
the time course revealed key parameters, such as half-lives of expression in key genes.
This approach combined with other processes highlighted in this work has the potential
of revolutionizing the way pharmaceutical industry focuses on drug development and
discovery. For example, the ability to monitor potential biomarkers in a controlled system
over time through the use of modeling and genomics could alow a researcher access to
data never before seen such as actua half-life data on a target biomarker gene. This use
of systems pharmacology could potentially maximize the design of a drug that relies on
such biomarkers and avoid the al too common unintended adverse effects.

Analysis of this gene expression data set with integration of data obtained from
protein-protein interactions and kinase-substrate phosphorylation reactions showed that
CDDO-Im initiates rapid responses as early as 05 h and causes early key
phosphorylation events that lead to activation of several initiators of downstream
expression. This analysis identified a key role provided by the protein kinase kinase

MAP2K1, also commonly known as MEK1. MAP2K1 lies upstream of MAP kinases and
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regulates this class of kinases through a wide variety of extra- and intracellular signals
[250]. MAP kinases, adso known as extracellular signal-regulated kinases or (ERK), are
well known to act as initiation points for further signaling events [251]. MAP2K1 has
been shown to obtain activation through events such as the binding of extracellular
ligands to cell-surface receptors which in turn activates RAS and RAF1 [252]. RAFL,
through phosphorylation of threonine and tyrosine residues of MAP2K1, leads to further
activation and transduction of signaling pathways such as MAPK/ERK. The MAPK/ERK
pathway has widely been reported to mediate biological functions such as survival, cell
growth, and metabolism largely through downstream gene transcription [253-255].

The identification of the DUSP1 gene through gene expression anaysis
(Genemania) of the 0.5 h time-point revealed a crucia link in the understanding of the
mechanism related to CDDO-Im. DUSP1, aso known as (MKP-1), is a key phosphatase
that has recently been shown to be rapidly induced in response to several anti-
inflammatory  drugs including glucocorticoids [256]. DUSP1l preferentialy
dephosphorylates both threonine and tyrosine residues on MAPK thereby modulating
inflammation [256, 257]. Consistent with other studies; here we show that activation of
DUSP1 is mediated by upstream activation of MAP2K1 [258, 259]. Several studies have
shown the dependence on DUSP1 induction including two anti-inflammatory cytokines
drugs (IL-10 and TGF-B), corticosteroids and rapamycin [260-262]. The data in this
present study identifies the potentia role of DUSP1 and the required upstream mediator
MAP2K1 and further suggests that CDDO-Im may initiate its cytoprotective effects

through similar signaling precursors as other anti-inflammatory compounds.
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CHAPTER 5

Summary and Conclusions

CDDO has been shown to be an effective cytoprotectant against oxidative stress
in vitro and against I/R injury in vivo and was shown to be 200,000 times more potent
than its parent compound, oleanolic acid. In an effort to maximize the pharmacodynamic
effect and further increase CDDO potency additiona derivatives were synthesized by
Michael Sporn and colleagues that eventually led to the formation of CDDO-Im and later
CDDO-Me.

In vitro cytoprotection assays were developed and utilized to initially compare
whether CDDO-Im was more cytoprotective than CAPE, a known cytoprotectant and
inducer of phase Il enzymes including heme oxygenase-1 (HMOX1). This work reveal ed
that not only was CDDO-Im and CDDO-Me significantly more cytoprotective than
CAPE; but surprisingly CDDO-Im and CDDO-Me additionally provided cytoprotection
when given at the initiation of oxidant stress. These findings led me to investigate the
mechanism of action and further revealed that CDDO-Im and CDDO-Me possess the
unique ability of inducing cytoprotective genes as early as 0.5 h after administration.
Cytoprotection profiles of CDDO-Im and CDDO-Me were compared and gene
expression studies were completed to measure transcriptional responses of each
compound in HUVEC. Findly transcriptiona kinetic studies were performed with

CDDO-Im treated HUV EC samples over atime course to investigate the temporal effects
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of genes in response to CDDO-Im and to study the mechanism of action including key

initiators of observed gene expression.

CYTOPROTECTION COMPARISON OF CDDO-IM TO CAPE INHUVEC

We previously reported that CAPE protected HUVEC from menadione-induced
oxidative stress and that this cytoprotective effect was correlated with the capacity to
induce heme-oxygenase-1 (HMOX1). In an effort to further improve this cytoprotective
effect, we studied CDDO-Im and compared its cytoprotective activity to CAPE. CDDO-
Im at adose of 200 nM provided more protection to HUVEC against oxidative stress than
20 uM CAPE. The mechanism of CDDO-Im was further explored with gene expression
profiling and pathway analysis and again compared to that of CAPE. In addition to potent
up-regulation of HMOX1, heat shock proteins (HSPs) were also found to be highly
induced by CDDO-Im in HUVEC. Pathway analysis showed that transcription factor
Nrf2-mediated oxidative stress response was among the top canonical pathways
commonly activated by both CDDO-Im and CAPE. Compared to CAPE, CDDO-Im up-
regulated more HSPs and to a much higher extent. In addition, CDDO-Im treatment
affected Nrf2 pathway to greater extent. These findings may explain why CDDO-Im is a

more potent cytoprotectant than CAPE against oxidative stressin HUVEC.

CYTOPROTECTION OF HUVEC FROM OXIDANT STRESSWITH CDDO DERIVATIVES

The cytoprotective responses of HUVEC was compared between CDDO-Im and
CDDO-Me and gene expression profiles of each were explored to identify key genes and
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pathways involved in the cytoprotective response. While most in vitro studies in the
literature utilized CDDO-Im and CDDO-Me as a pretreatment, this study was unique in
the fact that the compounds were administered at the initiation of oxidant stress and
showed that both provided good cytoprotection (51.25% *2.6 and 40.12% +1.7
respectively), CDDO-Im provided more cytoprotection than CDDO-Me and was less
cytotoxic (73% +5.8 and 37% =2 respectively). In contrast, HUVEC pretreated with
CDDO-Im and CDDO-Me for 6 h resulted in 100% +2 cytoprotection against the same
70 UM dose of menadione. These studies revealed that these particular triterpenoids,
unlike most other antioxidants, are rapid inducers of the cytoprotective response and
possess great therapeutic potential in the treatment of oxidative stress-induced injuries.
While the compounds do not exhibit direct antioxidant activity, we compared them in
HUVEC for transcriptional activity with whole genome microarrays and found that a
gene set centered around heme oxygenase-1 was expressed in common. However, 319
more genes were statistically altered in their expression by CDDO-Im than CDDO-Me.
In addition to up-regulating heme oxygenase-1 (HMOX1), both compounds also induced
members of the heat shock protein family and down-regulated pro-apoptotic genes. Gene
expression profiling, revealed networks of genes known to be related to cellular
development, growth, proliferation and cell signaling. Additionally, canonical pathways
including NRF2-mediated oxidative stress response and peroxisome proliferator-
activated receptor (PPAR) signaling indicated that cytoprotection involves multiple
pathways. While the cytoprotective responses of human endothelial cells to equivalent
doses of the two compounds were similar; there were considerable differences observed
in their gene expression patterns that might explain differences in cytotoxicity and

cytoprotection.

117



TRANSCRIPTOME KINETICSOF CDDO-IM IN HUVEC: MECHANISM OF ACTION

While this previous work showed heme oxygenase-1 to be a major effector of
cytoprotection in HUVEC, the mechanism by which the overall effect was mediated was
largely unknown. This work evaluated temporal gene expression profiles to better
characterize the early transcriptiona events and their relationship to the dynamics of the
cytoprotective response in human umbilical vein endothelia cells (HUVEC) to CDDO-
Im. Time-course gene expression profiling was performed on HUVEC treated with
CDDO-Im for 0.5, 1, 3, 6, and 24 hours. The approach described here combined time-
dependent gene expression microarray profiling, hierarcha clustering and network
anaysis from a systems pharmacology focus. Confirmation of gene data was obtained by
western blotting of selected genes. 10,747 genes were dtatistically atered in their
expression in at least one time point across the time course with alow parametric p-value
(p<0.001) and fase discovery rate (<1e-07). Integration of gene expression data with
protein-protein interactions and kinase-substrate phosphorylation interactions showed
that CDDO-Im initiated intense gene expression responses as early as 0.5 h and that early
key phosphorylation events resulted in activation of severa initiators of downstream
expression. Large alterations in immediate early gene (IEG) expression were readily
detectable within 0.5 h after administration of CDDO-Im including the DUSP1 gene, a
known modulator of inflammation in several other classes of drugs. Expression2Kinases
software identified a key role provided by the protein kinase kinase, MAP2K1. Utilizing
global gene expression screening as a function of time was shown to be a useful tool for

investigating mechanism of action.
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SUMMARY

In conclusion, CDDO-Im was shown to be 100X more potent than CAPE and
provided better cytoprotection against oxidant stress in HUVEC. Additionally, gene
expression studies showed that CDDO-Im was a better inducer of the HMOX1 as well as
other potentialy protective genes such as the HSPs. The comparison between the
cytoprotective activities of CDDO-Im and CDDO-Me given at the initiation of an oxidant
stress-induced injury in HUVEC revealed that CDDO-Im was a better cytoprotectant and
induced more genes, potentially explaining the differences seen in cytoprotection and
cytotoxicity. Transcriptiona kinetics of CDDO-Im in HUVEC through integration of
systems pharmacology uncovered a previously unreported mechanism of action which
centered around early initiators of downstream gene expression such as the interactions of
DUSP1 and MAP2K 1. Future studies should investigate the effect of inhibiting early key
initiators of observed gene expression and measuring cytoprotection response.
Additionally, administration of CDDO-Im in vivo would greatly advance the
understanding of mechanism of action and provide valuable information regarding actual
pharmacokinetic data, survivability, and gene expression profiling in an actua I/R injury

model.
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Vv V o LN ~ < o ~— o on ~ ~ om
TCHH trichohyalin
>
2 3
) @
- — — © o) o0 ~ o N o0 - - -
Vv Vv o < <t <t o o o o o i i
FAM167B family with sequence
5 ~ similarity 167, member
i ?‘, 4| o] o] m| 0| » B
= S| @S| S S| 8| S N| =] e o n
V V. ~ < < om ~ o o o ~ o —
PLIN5 perilipin 5
ol IR &3] & N oof o] o =
(=] o (o)) (o] o — — — o o o — —
ABHD6 abhydrolase domain
containing 6
Bl S| & S| =] B
< 4| o| ] O] N| | | S| ©
S o ~ o o ~ o o o ~ o i —
PER1 period circadian clock 1
>
S 3
o |l o R X[ BR] S| wn
~ = I of| ©o — — ~ Nl | | | ™
V Vv (o)) N o i i o] o o i i —
PNMT phenylethanolamine N-
methyltransferase
||l ol ] of & N <] S| @2f v
S o < D (o)) O o D o o =~ o —l
RAB6B RAB6B, member RAS
oncogene family
| @D Tl w]| o] & Nl o] <] 2] o
(=] o [(e] — =~ (o)) S — (o] o =~ — o
GCNT1 glucosaminyl (N-acetyl)
transferase 1, core 2
0|l 8] o] of = o Nl e|l N ]| <
S o LN <~ (o)) < < ~ o =~ o o o
FAMB89A family with sequence
N ~ similarity 89, member A
> ?‘, ol m]| o] | | «
= a8l R 3R A Nl ]l <] e] o
Vv V. = o oM (o] (o] LN N (o] =~ ~— o
CAMK2N1 calcium/calmodulin-
= ~ dependent protein
] el sl o] 2| o] @ kinase Il inhibitor 1
[’}
= | 9| a|a|a|S|8 Al ol nN| |
\"A V. o ~ O LN < s o o i R —l
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< 1le-07

< 1e-07

439

942

1201

547

553

952

TGFBR3

transforming growth
factor, beta receptor lll

2.1

2.7

1.2

1.3

3.6

217

464

683

239

315

244

KBTBD11

kelch repeat and BTB
(POZ) domain
containing 11

2.1

3.2

1.1

1.5

2.2

0

0

15

33

23

10

10

12

NEURL3

neuralized homolog 3
(Drosophila)
pseudogene

2.1

1.5

0.7

0.7

0.7

<1le-07

< 1e-07

87

185

290

199

188

180

RAB3IL1

RAB3A interacting
protein (rabin3)-like 1

2.1

3.3

2.3

2.2

1.0

< 1le-07

< 1e-07

418

881

820

379

634

706

PLD6

phospholipase D family,
member 6

2.1

2.0

0.9

1.5

1.9

<1le-07

< 1e-07

668

1405

1661

1205

585

1651

BCL2L11

BCL2-like 11 (apoptosis
facilitator)

2.1

2.5

1.8

0.9

2.1

< 1e-07

< 1e-07

173

363

337

288

214

497

BCL2L10

BCL2-like 10 (apoptosis
facilitator)

2.1

1.9

1.7

1.2

1.7

< 1e-07

< 1e-07

2931

6130

5395

2721

2058

4567

KLHL3

kelch-like family
member 3

2.1

1.8

0.9

0.7

2.9

< 1e-07

< 1e-07

451

938

905

879

251

800

RTP4

receptor
(chemosensory)
transporter protein 4

2.1

2.0

2.0

0.6

1.0

< 1e-07

< 1e-07

8348

17339

20232

10055

12367

6657

SERTAD1

SERTA domain
containing 1

2.1

2.4

1.2

1.5

1.8

< 1e-07

< 1e-07

725

1505

2347

1157

701

713

ARL4C

ADP-ribosylation factor-
like 4C

2.1

3.2

1.6

1.0

1.0
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4616

9579

6298

2728

2039

4958

ADAMTS18

ADAM
metallopeptidase with
thrombospondin type 1
motif, 18

2.1

1.4

0.6

0.4

0.8

0

0

27

55

33

106

41

C19orf26

chromosome 19 open
reading frame 26

2.1

1.3

4.0

1.2

1.0

< 1e-07

< 1e-07

207

429

490

326

158

296

CEACAM1

carcinoembryonic
antigen-related cell
adhesion molecule 1
(biliary glycoprotein)

2.1

2.4

1.6

0.8

1.1

25

53

55

50

37

72

PLCB4

phospholipase C, beta 4

2.1

2.2

2.0

1.5

1.5

0

0

18

38

51

30

20

21

LOC100127
951

ISPF6484

2.1

2.8

1.6

1.1

1.4

< 1e-07

< 1e-07

829

1704

1578

992

556

1173

SMCR6

Smith-Magenis
syndrome chromosome
region, candidate 6

2.1

1.9

1.2

0.7

1.2

< 1e-07

< 1e-07

132

271

373

294

111

275

C100rf128

chromosome 10 open
reading frame 128

2.0

2.8

2.2

0.8

1.4

< 1le-07

< 1e-07

225

460

649

395

218

734

ABCG1

ATP-binding cassette,
sub-family G (WHITE),
member 1

2.0

2.9

1.8

1.0

1.6

<1e-07

< 1e-07

253

517

561

444

225

445

ABCA1

ATP-binding cassette,
sub-family A (ABC1),
member 1

2.0

2.2

1.8

0.9

1.2

< 1le-07

< 1e-07

280

572

583

330

330

653

CLMN

calmin (calponin-like,
transmembrane)

2.0

2.1

1.2

1.2

1.5

< 1e-07

< 1e-07

4606

9395

11012

6066

4223

4046

FIX1

four jointed box 1
(Drosophila)

2.0

2.4

1.3

0.9

1.8
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< 1le-07

< 1e-07

116

236

267

108

95

190

SLC16A6

solute carrier family 16,
member 6
(monocarboxylic acid
transporter 7)

2.0

2.3

0.9

0.8

2.3

<1le-07

< 1e-07

445

905

1263

675

404

210

SPRY4

sprouty homolog 4
(Drosophila)

2.0

2.8

1.5

0.9

0.9

< 1e-07

< 1e-07

1321

2687

2404

1337

981

2794

C5orf4

chromosome 5 open
reading frame 4

2.0

1.8

1.0

0.7

1.6

< 1e-07

< 1e-07

5970

12091

12255

8654

5229

10682

TMEMS88

transmembrane protein
88

2.0

2.1

1.4

0.9

0.5

0

0

476

961

769

613

485

698

DNASE1L3

deoxyribonuclease I-like
3

2.0

1.6

1.3

1.0

2.1

< 1e-07

< 1e-07

3347

6728

8533

6491

6232

4667

CEBPB

CCAAT/enhancer
binding protein (C/EBP),
beta

2.0

2.5

1.9

1.9

1.5

< 1e-07

< 1e-07

10517

21136

19398

11960

7673

22209

Jup

junction plakoglobin

2.0

1.8

1.1

0.7

1.1

< 1e-07

< 1e-07

1974

3963

4376

3504

1357

4219

GPRC5B

G protein-coupled
receptor, family C,
group 5, member B

2.0

2.2

1.8

0.7

1.4

< 1le-07

< 1e-07

1861

3733

3347

1885

2492

4484

GPR162

G protein-coupled
receptor 162

2.0

1.8

1.0

1.3

2.1

<1e-07

< 1e-07

4368

8737

19141

5098

2990

2539

BAMBI

BMP and activin
membrane-bound
inhibitor homolog
(Xenopus laevis)

2.0

4.4

1.2

0.7

2.4

< 1e-07

< 1e-07

46

92

61

155

NAT8

N-acetyltransferase 8
(GCN5-related,
putative)

2.0

1.3

0.3

0.2

0.6
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MTMRILP myotubularin related
5 5 protein 9-like,
o 7 Wl wvw| N ©| o O pseudogene
= | Q| S| R| 8| 3| S ol <[ o] o <
Vv AV = o] LN = o ~ o — — o o
HMHA1 histocompatibility
N 5 (minor) HA-1
dl.) T
= S| R[5 3 R| S| 3 of < o] nf @
V V. — o o o — o o o i i o
NXN nucleoredoxin
— o
a8l RIS S| & of =4 w] ol ~
S = ~ o o o ~ o o o i i i
TBX1 T-box 1
5 ~
> ‘?‘., — ol ol | & o)
= Sl N ST e B I A ol o o] | «
Vv V. o O LN o o < o — — o o
ZNF395 zinc finger protein 395
>
=) 5 ~ | o
g s a3 83| 8le
S — m|lo|l ] | o = Sl | ©f < N
Vv V. LN — — (o) O (o) o o i i —
AFAP1L1 actin filament
~ associated protein 1-
=) ~
> ?.J S| ] o] | of ® like 1
= S|l SR R|S|F| S oflof ¢ | «
V Vv o LN LN <t o ~ o o — o —
RASL11A RAS-like, family 11,
member A
o|lo|l | | | el | 8| 2 wn
(=] o o ~ LN < o o o ~ ~ o N
PPFIBP2 PTPRF interacting
5 5 pr((l).tei.n, |:l:))indin)g protein
o ] 2 (liprin beta 2
- S| 38| F 8] | B P ol 2| < |~
Vv V. =~ (o] o =~ 0 — (o] o =~ o o
SLC7A7 solute carrier family 7
(amino acid transporter
o g S E E light chain, y+L system), ol ol ol ol o
= ol o]l ad]l o]l ol 4] « member 7 ol ol o] &A1
PRR5 proline rich 5 (renal)
>~
5 5
= S R RN I S R B al | a] mf «
V Vv o LN O LN o O — o i i o
STAB2 stabilin 2
>
S 5
= 41813 3|&| | ol of o of o
A" V. (a\] o < o o — —l o L | L | o

138




BCL6 B-cell CLL/lymphoma 6
> 5
& IR R[S @] @
~ ~ o) n| ol & — Q| © N ol @
V Vv — o o o i — — o — o o
RHCG Rh family, C
glycoprotein
Q ol ol ~| | ~
S o LN (o)) — o0 >~ Ln — o — — o
WNT3 wingless-type MMTV
integration site family,
member 3
sl el slelsle ol wlol |«
S o — o o o — o — o i i i
RENBP renin binding protein
S 5
g dlalelR| 8] olg 1IN N EE
Vv V. ~ — i ~ ~ 00 — o o i i
DUSP10 dual specificity
phosphatase 10
~ & o o — < al 2| x U
(=) o (] < <t o o < — o — — —
MTL5 metallothionein-like 5,
testis-specific (tesmin)
olo| |l ol 9| o @ | @| 2| =
S o o ~ [(s) o o s ~— i o o i
OCLN occludin
~ — © o ) ~ a ¢! ~ < S
S o <t 0 LN o LN D — =~ o — o
SEMAG6B sema domain,
transmembrane domain
(TM), and cytoplasmic
Slalyl 9| Wl 8 domain, (semaphorin) ol ol ol ol o
ol o| ol ©| x| 6B ) ) ) ) y
S o ~ N o =~ (o)) ~ — i ~ o o
FAM74A3 family with sequence
similarity 74, member
A3
~ — x| o] © o) a n ~ )
(=] o o LN — — — (o)) — o o o o
TMEM?229 transmembrane protein
A 229A
ol o| g 2| 9| © Al Q| ®| 2| *
S = ~ o om om ~ ~— ~ om om ~ om
RNF208 ring finger protein 208
S 5 o
= SR - S IV I I =N I al ol o] <o
V. AV S [e)) — (o)) ~ ~ ~— o — — —
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TPD52

tumor protein D52

o
2I{RIR|IA[X] B af o o] <
S o N s LN LN o Ln — o o — —
HRASLS HRAS-like suppressor
RIJI|I R & 2] 2 al <ol afl =
S o o LN o o o < — i i o o
SCN9A sodium channel,
voltage-gated, type IX,
alpha subunit
< © ) ) ~ ~ a ] m ] —
S = ~ o i i i LN ~— i i o i
N4BP2L1 NEDDA4 binding protein
~ 2-like 1
g 5
- - V) A By @ 3 o a N - < Q
Vv V 0 — i o0 — ~ — o — — o
HTR2B 5-hydroxytryptamine
5 5 (serotonin) receptor 2B,
o 7 ol | o G protein-coupled
= Sl SR 33| &| 3 o of o] of -
Vv V. [0)) — i i o < i i i o i
MAFK v-maf
N ~ musculoaponeurotic
5 .
3 T n
3 il o § E Q § o fibrosarcoma c?ncogene ol ol ol ol «
\ v D ] o - — D homolog K (avian) — I o - —
NR1H3 nuclear receptor
= 5 subfamily 1, group H,
d 7 w | o | W o © member 3
[’}
= 4|2 ||| L] B ol a|lmn|o|mn
\"A V. =~ o o o R o <~ R —l =~ o
TTBK1 tau tubulin kinase 1
o) n ~ © ~ o a - © \ <
(=] o (o] LN [(e] <t o < — o — — o
ITPRIP inositol 1,4,5-
> trisphosphate receptor
b S < | Rl 3| o o « intepracti‘:\g proteinp
3 i
= S|l S| a2 3|8 ol o] al <
V AV (] — — o0 ~ ~ — — — o o
C8orfa6 chromosome 8 open
reading frame 46
) ~ — ™ a - < N a
S o o O <t <t — o i i o
SNAP25 synaptosomal-
= 5 ass;(ociated protein,
] ] L 25kDa
[’}
= S| R 8|1 8| S| 3|1 SN T T B
\"A \Y4 LN — (o)) o0 < LN —l L L | o o
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NRG2 neuregulin 2
>
2 3
s ;
= |l 0| R 8| 0| o ~ o < =] el m
V V [e)] — — (o)) LN [e)) — o — o —
RASD1 RAS, dexamethasone-
> ~ induced 1
=) 5 N
B IR
Sy |l ;n| ol &] ©| o] Al | | | S
V V ~ o o LN ~ Ln ~ o om (o] —
SPINKS serine peptidase
5 5 inhibitor, Kazal type 5
3 ;
= Gl o 8| 8| w|lal 2 ol afl ] vl o
V V ~ | — o0 <t — — i — o i
SOCS2 suppressor of cytokine
> signaling 2
= 5 I3 g
o |l ol @] «af ~n| of &
S = ol vl | 9| =] ~ Q| S| 0] e
Vv V. O — [0 om [(s) ~— i i o — [20)
CLIP3 CAP-GLY domain
containing linker
n | 0 | o ~| & protein 3
n N~ n n wn
< n| m o < Q| Q| | © -
(=) o o < <t <t o LN — — — — o
ATOH8 atonal homolog 8
:\ ~ (Drosophila)
< )
@ o] «| B 3] «| ~
S |l ~|] | 4] o| ©| © Ql | N S| A
Vv V. o LN o ~ om o ~ ~ ~ ~ o
C9orfo1 chromosome 9 open
I reading frame 91
=) 5 g
o ol S 3| 2| vl
- — — ™ N LN o)) 5] a N N ] <
Vv V. S <~ — — 0 D <~ o o — —
ESR2 estrogen receptor 2 (ER
beta)
n| o] ol | « © al Q| n| af <
(=] o o < ~ o o o | o =~ o —l
MTSS1L metastasis suppressor
1-like
[ IR I = - o | ] mf «~
(=] o o (o] S LN <t (o] ~—l o — — —
SHISA8 shisa homolog 8
(Xenopus laevis)
< g n (o] wn n
™~ N 2} — N © Q N o 0 N
S o [(e} | o o LN (o] | o o o i
THRA thyroid hormone
N 5 receptor, alpha
& O I I =T S B
-~ ~ a n ~ - | & — Q| | ©] < ™~
V V. = o om om = < <~ i i — —
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ZC3H12A zinc finger CCCH-type
> containing 12A
S 5 © &
4 i
= B =T N I U S | ofwl ol o
V AV LN (o)) -~ ~ LN Ln — o — — —
ALPK2 alpha-kinase 2
ol o]l o]l n| o] ~ |l el £ @
S o — — — LN — o — — LN — o
PDE1A phosphodiesterase 1A,
calmodulin-dependent
|l | n|] | o] o Q| | | o] S
S o LN (o)) (o)} (o)} = O — — — o —
NTN5 netrin 5
(=} N 00 & L) ~ «Q ~N 0 o —
(=] o < ~ 0 N~ LN [o.0] — (o] — — (o]
IL8 interleukin 8
oo} (o] (o)} o ;"
V| | 4| | ©| ~ Q| o N N
S o o ~ ~ o0 o — — o o o i
HERC2 HECT and RLD domain
containing E3 ubiquitin
S Q protein ligase 2
o o ~
S| RS2 ]S |l o] of ~
S o [e)] i i (o)) o0 — — i i i o
JUND jun D proto-oncogene
S| R S| 3 =] & |l ol wv| |«
S o =~ o o o o o | o i R R
CABLES1 Cdk5 and Abl enzyme
I substrate 1
=) 5 0| | wn
& i 8| 8| x| ] 3
- — — 5] ~ ] N o© Q < N ~ <
Vv V. S <~ — — Ln 00 <~ o — o —
MYO5C myosin VC
>
c' B — o 0 ~
@ |l m]| ]| o] & o &
< = | o] m|] o ©|] n Q| | | |
\"A Vv ~ | R i ~ il <~ R i R R
PNMAS paraneoplastic Ma
N ~ antigen family member
T o
) ] 5
& S| Q13| RI BRI & f <l o] ¢«
A" v <t ~ 0 0 LN LN ~ (o] (o] =~ (o]
SAMD10 sterile alpha motif
domain containing 10
ol &1 5| 8| o] 2
Q| | ©of] 4| b | =« Q| | ™| <] O
S o o0 il R i ()] <~ <~ R i =~ o
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< 1le-07

< 1e-07

392

710

702

639

456

694

SECTM1

secreted and
transmembrane 1

1.8

1.8

1.6

1.2

1.4

<1e-07

< 1e-07

289

522

497

294

195

183

PIK3R3

phosphoinositide-3-
kinase, regulatory
subunit 3 (gamma)

1.8

1.7

1.0

0.7

1.8

49

89

78

71

28

124

RNASE6

ribonuclease, RNase A
family, k6

1.8

1.6

1.5

0.6

1.7

0

0

16987

30690

19002

20111

16947

20768

NFKBIA

nuclear factor of kappa
light polypeptide gene
enhancer in B-cells
inhibitor, alpha

1.8

1.1

1.2

1.0

0.6

< 1le-07

< 1e-07

276

498

578

495

258

581

IQCA1

1Q motif containing with
AAA domain 1

1.8

2.1

1.8

0.9

2.5

< 1e-07

< 1e-07

4306

7769

11764

4949

4161

5657

KLF3

Kruppel-like factor 3
(basic)

1.8

2.7

1.1

1.0

2.1

0

0

54

98

153

102

48

48

CD38

CD38 molecule

1.8

2.8

1.9

0.9

1.4

< 1e-07

< 1e-07

133

239

294

149

111

310

ACACB

acetyl-CoA carboxylase
beta

1.8

2.2

1.1

0.8

1.3

0

0

81

146

155

119

157

177

C200rf195

chromosome 20 open
reading frame 195

1.8

1.9

1.5

1.9

0.9

<1e-07

< 1e-07

34

61

64

108

56

84

NR6A1

nuclear receptor
subfamily 6, group A,
member 1

1.8

1.9

3.2

1.6

2.3

947

1697

1496

2099

1604

1590

PMAIP1

phorbol-12-myristate-
13-acetate-induced
protein 1

1.8

1.6

2.2

1.7

2.2
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CXCR4 chemokine (C-X-C
5 ~ motif) receptor 4
i ?..) ) —
= ST S I I e B o <[ wm] ol wn
V AV >~ ~ o0 o >~ (o)) — — o o N
FBP2 fructose-1,6-
bisphosphatase 2
~ o ~ ©Q ~ n «Q N o0 Q ~
S o o < o o o — — i i i i
GPR31 G protein-coupled
receptor 31
<
| 0] | o | «~ Q| Q| Q| | N
=) ol | 0| 0|l | | in |l G|l Gl o] =
NXPH3 neurexophilin 3
— ~| | o — ~ @ nl ol < ~
(=) o o o o N o o — — — — o
FZD5 frizzled family receptor
l\ 5
S 5
A <l 3| 8| 3l8] B8R o| <| n| | ©
A" V. o o LN om o o i o i i i
CORO2B coronin, actin binding
S 5 protein, 2B
> ;
= sl =S 31 8] F| 8 o |l ~n]ofm
V V N <t <t om N <t — o — i o
ACSS1 acyl-CoA synthetase
> short-chain family
2 S ber 1
] ] ~ [ o e member
-’}
= S T - = | x| <|o|o
\"A V. O <~ R o0 O o <~ R i R o
TMEM121 transmembrane protein
S ~ 121
s ‘?.J ol ] ol | |
= Al x| 8|8l B Q| ol ol o] |~
Vv V. — o < o o (o] — o o =~ o
TMEM170 | transmembrane protein
> B 170B
S 5
= Sl | @l 3839 ool w| o]«
\"A V. =~ o LN o o o <~ o i R R
KLHL21 kelch-like family
I ~ member 21
3 Slol3|alal <]
= Sl N I ST I B B 0| m] o] «| o
Vv V. >~ ~—l ~— ~— (o)) ~—l ~—l o ~— ~— ~—
RASSF4 Ras association
>~ ~ (RalGDS/AF-6) domain
b < ) family member 4
3 :
= S IR T I O < o s o~ <] = @
\"A Vv < ~ O LN < =~ <~ R i R R
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BEX2 brain expressed X-
linked 2
2123 3| ~
] < < © o0 o0 «Q «Q N Q M
S o — o o — — N — i i i o
CLDN3 claudin 3
>
~
S 2
= | 2R 33| 3| @ 0 o n] of~
V V. ~ o om om o o ~ o o ~ o
LHFPL2 lipoma HMGIC fusion
5 ~ partner-like 2
3 ?'.J g |l | 0| ] o] ~
= Al R3] »| 8|S 0| o] | ol m
Vv \Y < 00 0 [(o] <t [o)] — — — o —
ZDHHC23 zinc finger, DHHC-type
5 ~ containing 23
3 <
= Al 3| | IR I| S o < w] ol un
Vv Vv i o LN [(e] on — i on on i i
LOC100130 | uncharacterized
876 LOC100130876
© mn | S < N ™M | | Q| o 9
(=) o ~ — — ~ [Co] — — — — o o
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