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CHEMICAL BIOLOGY OF CARBON MONOXIDE IN CANCER: INSIGHTS

INTO MOLECULAR MECHANISMS OF DRUG RESISTANCE

Brian Kawahara

Abstract

Cancer cells have the ability to develop resistance to traditional therapies, resulting in
poor patient outcomes. The increasing prevalence of chemotherapeutic resistant
cancers demands novel therapies that address this issue. One intriguing strategy is the
recent development of carbon monoxide (CO) as a potential cancer therapeutic. CO is
a gasotransmitter, an endogenously produced, diffusible, signaling molecule with
essential roles in physiological processes, including resolving inflammation. Cancer,
a disease characterized by chronic up-regulation of inflammatory processes, could be
an intriguing therapeutic candidate for CO.

Preliminary studies have reported CO to be a chemosensitizing agent, but the
mechanism(s) by which this effect occurs are largely unknown. If the therapeutic
potential of CO is to be realized, understanding of the chemical biology of CO in the
cancer cell is essential. Identified here are two targets of CO that mediate
sensitization of cancer cells to standard chemotherapeutics, including doxorubicin,
paclitaxel and cisplatin: cystathionine B-synthase (CBS) in breast and ovarian cancer
cells and cytochrome P450 3A4/2C8 (CYP3A4/2C8) in breast cancer cells. In

studying CO-mediated inhibition of these two enzymes, molecular mechanisms of

Xvil



drug resistance, promoted and maintained by the enzymatic actions of CBS and
CYP3A4/2C8, were revealed. Additionally, reported here is the synthesis of a novel
class of CO-donating molecules, a CO-releasing molecule-conjugated to monoclonal
antibodies, capable of delivering therapeutic levels of CO to a cancer target with
antigen-specificity.

Collectively these results suggest co-administration of CO with existing
cancer treatment regimens may ultimately improve clinical outcomes in cancer

therapy.
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Chapter 1

Introduction to therapeutic carbon monoxide

1.1. Current cancer therapy: expensive and minimally effective

The studies reported and discussed here, exploring the chemical biology of carbon
monoxide (CO) in cancer, were performed, in part, to evaluate its therapeutic
potential as a novel anti-cancer therapeutic. The suggestion of using a gaseous
molecule of some infamy as a cancer therapy will be met with skepticism. After all,
are not current chemotherapeutics more effective then they have ever been? With the
advent of immunotherapies, monoclonal antibodies, antibody-drug conjugates, drugs
that target the “undruggable” targets and therapies that target proteins with
polymorphisms unique to an individual patient; why should we waste our time
evaluating a carbon monoxide-based cancer therapy, a technology that is highly
unconventional and fraught with technical challenges? Because the current system is
broken.

The average anti-cancer drug costs $1.2-1.8 billion per medicine to develop
and is administered and billed to the patient at $10,000 per month.' It targets proteins
involved in cell growth, cell cycle and DNA repair processes.” They are often
described as “targeted therapies” and/or molecules that drug the “undruggable”
therapeutic targets in the cell like K-ras.’ These highly specific drugs, however, exert
a strong evolutionary pressure on the tumor.” They either select for or elicit the

development of subpopulations of drug resistant cancer cells that, through clonal



expansion, result in relapse, metastasis and poor patient outcomes (Figure 1.1, top).
As a result, the typical anti-cancer drug, at tremendous financial cost, elicits a median
improvement in progression-free survival of only 2.5 months." Worse yet, it improves
overall survival by only 2.1 months.! The current cancer treatment strategy is
unimaginative and minimally effective, stifling innovation and creativity. A fresh

approach to cancer therapy is needed.

%P H 2 H >
SIDE EFFECTS =
“Targeted Hair loss
cancer therapy” Diarrhoea

$10K/month Patigue
Mouth corer e 2.5 months progression -free followed by clonal
Skin reactions survival expansion of drug resistant

ete. cells and metastasis

Methodical therapeutic response with disease-free

2
Incorporating our survival
understanding of
molecular L
mechanisms of N \\ H
drug resistance ”éa;’/ stsn
| <50 mg/m Cisplatin OR ~ SIPE EFFECTS

—— <175 mg/m? Paclitaxel
IV over 3 hours
gq3Weeks 4 times AND
Carbon monoxide-based
therapy

Figure 1.1. A carbon monoxide-based therapy to improve chemotherapeutic regimen
efficacy. Schematic of comparing chemotherapeutic regimen scenarios using (top)
targeted drug therapies versus (bottom) carbon monoxide-based therapies.

As will be explored in this thesis, a therapeutic strategy of targeting the cancer
cellular processes involved in drug resistance itself will likely reinvigorate the field of
cancer therapy. The use of a CO-based therapy that targets molecular mechanisms of
drug resistance, with co-treatment with off patent/off-license drugs (e.g. paclitaxel,

cisplatin) at lower doses than are currently indicated when these drugs are used alone,



could result in lower side effects, a methodical therapeutic response and a greater

likelihood of disease-free survival for patients (Figure 1.1, bottom).

1.2 Carbon monoxide, a gasotransmitter

CO is a non-irritating, odorless, tasteless and colorless gas that most regard in the
public’s mind as the toxic byproduct of incomplete hydrocarbon combustion. Indeed,
the mere mention of CO brings to mind, in the layperson, acute CO-poisoning. And
while accidental deaths from CO poisonings result in ~438 deaths per year in the
United States,” it is interesting to mention that accidental overdoses of
acetaminophen, an over-the-counter pain reliever and fever reducer broadly used and
indicated to treat a number of medial conditions, results in more than deaths than CO,
~458 deaths per year.’ This is brought up not to dismiss the dangers of exogenous CO
toxicity or question the merit of educating the public about the dangers of CO or
acetaminophen poisoning, but rather emphasize a classic adage in pharmacology: “the
dose makes the poison”.

Acute toxicity from CO results from the binding of CO to hemoglobin,
displacing molecular oxygen, to form carboxy-hemoglobin (CO-Hb).® Life-
threatening effects generally set in with >40% CO-Hb formation in the blood, though
this threshold varies by age, pregnancy status and overall health. Some studies have
found extremely high tolerance to CO, with lethal effects setting in at 50-70% CO-

Hb.° In fact, most healthy adults do not feel or experience any noticeable symptoms at



CO-Hb levels <20-33%. Together, these data lend to the conclusion that despite its

infamy, CO is highly tolerated over a very broad range (Figure 1.2).

Resting Smoker  Symptom onset

~1% 8-15% ~22-33%

% Carboxyhe

Erythrocyte
Carbon
Monoxide (CO)

:6:6:

©
@ CO + @ Hb=CO-HB@®

Figure 1.2. Levels and tolerances of carbon monoxide (CO). Formation of
carboxyhemoglobin, in the human body.

Active smokers experience 8-15% CO-Hb and experience no immediate deleterious
effects from CO. Perhaps most intriguing, ~1% CO-Hb is present in the blood of
healthy, non-smoking adults in the absence of any environmental CO exposure,
indicating a non-environmental source of CO. This observation preludes the fact that
CO is not only tolerated over a wide range in human physiology, but is also
endogenously produced by normal physiological processes.’

CO is, in fact, a gasotransmitter, an endogenously produced, gaseous signaling
molecule that elicits a physiological response.®® Along with nitric oxide (NO) and
hydrogen sulfide (H,S), gasotransmitters have recently been shown to play roles in a

wide array of chemistry in biological systems (Figure 1.3)."
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Figure 1.3. Gasotransmitters: endogenously produced, gaseous signaling molecules
with essential roles in normal, physiological function.

Endogenous production of CO, as a product of heme catabolism, has been

11,12
known for over 70 years. -

This reaction is catalyzed by microsomal heme
oxygenase (HO), an enzyme that exists in two isoforms namely, HO-1 (inducible) and
HO-2 (constitutive)."? Catabolism of free heme is vital for maintaining cellular health
and mitigating the toxic effects of heme-catalyzed oxidation reactions. Loss-of-
function mutations in HO-1 are lethal, evidence of the importance of HO-1, and
possibly CO, in human physiology.'* In the human body, ~16 pmol amounts of CO
are generated collectively by HO-2 and HO-1." Constitutive HO-2 produces CO in
the liver, testes, endothelial cells and the brain where it is reputed to play important
roles in maintaining vascular tone.'® Nearly all tissues are capable of HO-1

induction,'” though its expression in Kupffer cells and anti-inflammatory/M2-

polarized macrophages indicate an anti-inflammatory role for HO-1 and CO."®



1.3 The therapeutic potential of CO

Interest in CO as a therapeutic molecule has stemmed from its potential role in
opposing and resolving inflammation. Many diseases are initiated by and/or
characterized by inflammation," processes which CO could attenuate. Consequently,
research during the past three decades has explored the potential of low doses of CO
as therapeutic in a wide array of injury and disease models including wound healing,
colitis, sepsis, cerebral malaria, diabetes, balloon angioplasty-induced stenosis,

ileus/bowel immotility and organ transplantation.***'

The observed salutary effects of
CO in these disease/injury models may be partially explained by the ability of CO to
increase intracellular levels of reactive oxygen species (ROS) in target cells, attenuate
macrophage activation by cytokine and endotoxin, inhibit endothelial cell apoptosis,
and prevent T-cell proliferation.” In light of observations of the protective and anti-
inflammatory effects of HO-1/2 and CO, recent efforts have been made to explore the
possible therapeutic application of CO.

Therapeutic implications aside, the technological feat of delivering a
diffusible, gaseous molecule to a therapeutic site at sufficient concentrations remains.
Towards this end, extensive research and development has afforded novel delivery
modes, including the design of CO-releasing molecules (CORMs).”** Although
some progress along this line has been achieved in recent years,”’ therapeutic

application of CO in a clinical setting is still in its infancy. Photoactivatable CO-

releasing molecules (photoCORMs), small molecules capable of introducing CO to a



biological target with temporal and dose control, has been arguably the most
important development in terms of being able to efficiently and consistently deliver
CO.” Interesting photoCORM variants, including photoactivatable CO-releasing
polymers (photoCORPs),”® CO-releasing nanoparticles,”” biomaterial embedded
photoCORMs®® and single photon-IR-activated photoCORMs” have further
expanded the possible modes by which CO might delivered to a biological target. The
Mascharak group’s members have made great strides in developing photoCORMs
with biological compatibility, sufficient water solubility and controlled release of CO
has been instrumental in advancing the study of therapeutic CO. The next research
goal would be to determine its therapeutic potential, evaluating the ability of CO to
elicit a therapeutic effect in a cancer model and identify the mechanism(s) by which

this occurs.

1.4 Carbon monoxide in cancer therapy; what are its targets?

CO has been shown to be effective in attenuating and resolving chronic inflammation,
a process implicated in the initiation, progression, metastasis and development of
drug resistance in cancer.’® Consequently, numerous groups have initiated and
published studies assessing the effect of CO on cancer cell proliferation and viability.
CO has been reported to have anti-proliferative and apoptotic effects in certain cancer
cell models, preliminary indication that CO could be a possible drug candidate

against cancer.’'



In normal cells and tissues, CO is believed to promiscuously interact with
ferrous heme enzymes, decreasing the formation of ROS from inhibition of NADPH
oxidase (NOX) and reactive nitrogen species from inhibition of endothelial nitric
oxide synthase (eNOS), while concertedly inhibiting cytochrome c oxidase to
uncouple oxidative phosophorylation, resulting in an increase in mitochondrial
ROS.* The net effect is an overall increase in intracellular ROS levels, which
hormetically acts to increase the target cell’s/tissue’s antioxidant/cytoprotective
responses to the mild CO-induced stress, ultimately decreasing inflammation (Figure

1.4).%
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Figure 1.4. Carbon monoxide (CO) acts hormetically to reduce inflammation in
normal cells and tissues.

In cancer cells, however, it is widely regarded that such an increase in intracellular
ROS induced by CO would overload the cancer cells ability maintain redox
homeostasis, as they exhibit unique redox status (vide infra, Figure 1.6) resulting in

cell death (Figure 1.5).
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Figure 1.5. Carbon monoxide (CO): potentially, an anti-cancer agent with high
orthogonality to normal cells.

In this way, CO could be a promising anti-cancer agent with high orthogonality to
normal tissues. Interestingly, one study, prior to the initiation of the work in this
thesis, reported that CO has a far more subtle and intriguing effect, not killing but
sensitizing cancer cells to other chemotherapeutics,” a prelude to its potential
application in a cancer therapy regimen.

However, as emphasized by Motterlini, the therapeutic potential of CO is

hampered by our lack of detailed understanding of the chemical biology of CO in the
cancer cell.”’ The molecular targets of CO in the cancer must be identified and
validated if the therapeutic potential of CO is to be properly considered. Additionally,
such research would afford deep insight, using synthetic molecules (i.e. photoCORMs
and CO) to manipulate a biological system (a cancer cell) and achieve a greater
understanding of the cellular processes driving drug resistance. The field of
therapeutic CO has remained stagnant over the past decade by studies that report the

design and application of novel CORMs and photoCORMs, but apply them to cancer



cell cultures in poorly designed studies without proper controls or mechanistic

insight.**

Even higher order studies in animal models have shown cytotoxic effects
of CO against cancer cells, but have not attempted to elucidate CO’s mechanism(s) of
action.”” The sum of these published studies have created a false sense of progress.
Without the necessary mechanistic studies, there is no legitimacy in claiming
therapeutic potential of CO as a cancer therapy. Identification of cancer-specific
targets and eliciting of cancer-specific effects by CO are necessary to substantiate the
claim that CO is a potential anti-cancer therapy.

Otterbein and others have reported that CO targets cytochrome ¢ oxidase in
the mitochondria to increase generation of reactive oxygen species (ROS).**' While
cytochrome ¢ oxidase is likely a target of CO, it seems unlikely that cytochrome ¢
oxidase is the major mediator of CO’s effects in the cell, considering the 10-fold
greater affinity of cytochrome ¢ oxidase for oxygen (O,) compared to CO.*
Furthermore, in the mitochondria, heme a3, the target of CO in cytochrome c oxidase,
exists primarily, 94%, in the ferric, Fe’" oxidation state and is only transiently, ~6%,
in the Fe*" state.* As CO is only a weak Lewis base, it has preferential affinity for
Fe’" heme and low affinity for Fe’* heme,* making it unlikely that CO’s effects in the
cancer cell are largely mediated by cytochrome c¢ oxidase. Despite this, little effort has
been made to identify the other, and likely more consequential, targets of CO in the
cancer cell.

Slow progress in identifying the therapeutic targets of CO in the cancer cell is

surprising, as the chemistry of CO is well characterized, making the endeavor
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relatively straightforward. As a weak Lewis base, the reactions of CO with cellular
components are essentially exclusive to ferrous (Fe*") heme-containing enzymes.*> At
the time of this thesis, fourteen molecular targets of CO have been either confirmed
or purported, all ferrous heme-containing enzymes (Table 1).*° CO must be acting
largely through these known binding partners, though the expression in and

importance to the cancer cell must be elucidated as well.

BK_, channel (Hou, Heimemann & Hoshi 2009) Myoglobin (George & Stratmann 1952)
Cystathionine B-synthasd (Taoka, West & Banerjee 1999) NADPH oxidase (Nisimoto, Otsukamurakami & Iwata 1994)
Cytochrome c oxidase (Wever et al. 1977) Neuroglobin (Fago et al. 2004)
cytochrome c* (Kapetanaki et al. 2009) Neuronal nitric oxide (Tetreau et al. 1999)

synthase

Neuronal PAS domain

Cytochrome P450s (Omura & Sato 1962) . (Dioum et al. 2002)
protein 2
Fibrinogen (Cohen etal.2011) Progesterone receptor
brane associated (Kabe et al. 2016)
Hemoglobin (Bernard 1857) component 1

*in presence of cardiolipin

Soluble guanyl cyclase (Sharma & Magde 1999)

Table 1.1. Putative and proposed molecular targets of CO.

1.5 Carbon monoxide, a chemosensitizing agent

In collaboration with the University of California Los Angeles, our group obtained a
panel of human breast cancer cell lines, including MCF-7, MDA-MB-468 and Hs
578T in 2016. The Mascharak lab had previously reported the ability of CO to induce
cell death in human breast cancer cell line MDA-MB-231,>" which led us to predict
similar results in the newly obtained cell lines. To our surprise, none of the cell lines
exhibited significant restrictions in cell growth or viability (data not shown).

However, Wegiel et al. previously reported that exogenously applied CO not only

11



elicited cell death and growth arrest, but also sensitized those cells to the
chemotherapeutic doxorubicin.” In light of their observations, we hypothesized that
CO may not be restricting growth and viability per se, but perhaps disrupting cellular
processes in the cancer cell that could render them more sensitive to
chemotherapeutics. If CO does disrupt these cellular processes; it could prove to be a
novel cancer therapeutic to target drug resistance in cancer.

Drug resistance is a major impediment to the management of cancer.’”*'
Accumulating evidence suggests that the unique metabolic profile found in cancer
cells is integral for imparting a drug resistant phenotype. Hallmarks of cancer cellular
biology such as altered glucose metabolism, peroxisome activity, ROS-generating
enzyme activity, increased protein folding, mitochondrial dysfunction and enhanced
growth/inflammatory pathway activity alter the redox balance in cancer cells,
generating higher levels of ROS and inducing chronic oxidative stress (Figure 1.6).”

While high oxidative stress is acutely cytotoxic, the low and chronic oxidative
stress within cancer cells hormetically enhances antioxidant metabolic pathways and
production of antioxidants.”> The sum total cellular antioxidant responses in the
cancer cell are qualitatively referred to as the total antioxidant capacity of the cell, the
ability of the cell to cope with acute oxidative stress. There is substantial evidence of
the pro-tumorigenic role for antioxidants, including the master regulator of anti-
oxidative responses nuclear factor (erythroid-derived 2)-like 2 (Nrf2), antioxidant

enzymes and cellular antioxidants such as NADPH, cysteine and glutathione (GSH).*

12



Cancer cells maintaining an elevated antioxidant capacity acquire resistance to future,

acute stressors, including that induced by chemotherapeutic agents (Figure 1.6).”
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Figure 1.6. Relationship between redox homeostasis and chemotherapeutic resistance

in the cancer cell. Abbreviations: catalase (CAT), glutathione (GSH), glutathione

peroxidase (GPX), Janus kinase (JAK), mitogen-activated protein kinase (MAPK),
NADPH oxidase (NOX), nuclear factor kappa-light-chain-enhancer of activated B

cells (NF-xB ), peroxiredoxin (PRX), phosphoinositide 3-kinase (PI3K), mammalian
target of rapamycin (mTOR), Phospholipase C, gamma 1 (PLCgl), reactive oxygen

species (ROS), signal transducer and activator of transcription proteins (Stat),
thioredoxin (TRX).

Many chemotherapeutics (e.g. vinca alkaloids, taxanes, anthracyclines and platinum-

based drugs) and non-chemical therapies (e.g. radiation) directly generate excessive
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ROS in cancer cells, inducing apoptosis by interfering with processes including cell
cycle progression and DNA stability.®* In most cases, the anti-neoplastic drug effects
are indirectly mediated by ROS which eventually bring about the apoptotic death of
the cancer cell. Elevated antioxidant processes in cancer, therefore, directly impart

. . . 60-
drug resistance against chemotherapeutics.®’®

Furthermore, thiol-containing
antioxidants and peptides, GSH and metallothionein, are known to bind and inactivate
chemotherapeutics.”” As a consequence, selective suppression of the antioxidant
capacity of cancer cells by inhibiting antioxidant pathways could mitigate the
incidence and intensity of therapeutic resistance and poor prognosis.

CO has been reported to increase ROS levels in cancer cells. Previous studies
have hypothesized that this is to CO-mediated inhibition of cytochrome c oxidase
which results in an increase in the rate of mitochondrial ROS production, resulting in
increased steady-state levels of intracellular ROS.*' However, as discussed earlier
(vide supra) the low of CO for cytochrome c oxidase casts substantial doubt over this

proposed mechanism.***

Furthermore, a hallmark of cancer growth is mitochondrial
dysfunction and suppression of oxidative phosphorylation.®> The conspicuousness of
mitochondrial deficits in cancer further suggest that the mitochondria are not the sole
target and effector of CO. The mitochondria may certainly be one of the targets of CO
because of the diffusible nature and promiscuous affinity for ferrous heme-containing
enzymes,” though because of its low affinity towards cytochrome ¢ oxidase and lack

of mitochondrial integrity in the cancer cell,”** ° it appears likely induction of ROS

by CO is substantially mediated by other cellular targets.
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1.6 Direction of Research

An alternative explanation is that CO may be inhibiting antioxidant processes
in the cell, decreasing steady-state levels of cellular antioxidants, perturbing the
balance between the generation and neutralization of intracellular ROS, resulting in
increased steady state levels of ROS (Figure 1.7). As discussed earlier, cancer cells
specifically up-regulate antioxidant processes to control and maintain elevated levels
of intracellular ROS.*® These antioxidant processes may be fundamentally regulated
by heme-containing enzymes that are sensitive to disruption by CO. Heme uptake and
biosynthesis is significantly higher in malignant tissues versus normal tissues, where
it is believed to maintain cancer processes including enhancing cellular metabolism.®’
This up-regulation also disrupts tumor suppressors and provide the necessary co-
factor for heme-containing enzymes known to play a role in cancer, including
myoglobin, tryptophan 2,3-dioxygenase, indoleamine-2,3-dioxygenase 1 and 2,
mitochondrial cytochromes, cyclooxygenases and cytochrome P450s.®® The broad
requirements of the cancer cell for the heme co-factor suggest that heme-containing
enzymes may be therapeutic targets in cancer. The broad sensitivity of ferrous heme-
containing enzymes to CO makes CO an intriguing tool with strong indications for
therapeutic potential. Inhibition of heme-containing enzymes responsible for
maintaining elevated antioxidant levels in the cancer cell could sensitize those cells to

chemotherapeutics.
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Figure 1.7. Proposed mechanisms of carbon monoxide (CO)-mediated drug
sensitization in cancer cells. (A) CO enhances mitochondrial reactive oxygen species
(ROS) production to induce elevated levels of intracellular ROS. (B) CO, though
ferrous heme-containing enzymes, inhibits antioxidant processes which decrease
cellular antioxidant levels, disrupting ROS homeostasis to raise intracellular ROS
levels.

If incorporation of CO into existing chemotherapeutic regimens could indeed
improve drug efficacy, health outcomes could dramatically improve. This hypothesis
has prompted us to undertake research efforts to explore the effects of CO co-
administration with conventional chemotherapeutics on human cancer models and in
this account we provide strong evidence that CO mitigates drug resistance in
refractory cancer cells through alteration of cellular antioxidant capacity. Because of
the specific chemical nature of CO, we further hypothesized the importance of
ferrous-heme containing enzymes in imparting drug resistance in the cancer cell

(Figure 1.7).
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Photo-activatable carbon monoxide (CO)-releasing molecules (photoCORMs), have recently provided help
to identify the salutary effects of CO in human pathophysiology. Among them notable is the ability of CO
to sensitize chemotherapeutic-resistant cancer cells. Findings from our group have shown CO to mitigate
drug resistance in certain cancer cells by the inhibition of cystathionine B-synthase (CBS), a key regulator of
redox homeostasis in the cell. Diminution of the antioxidant capacity of cancer cells leads to sensitization
to reactive oxygen species-producing drugs like doxorubicin and paclitaxel upon cotreatment with CO as
well as in mitigating the drug effects of cisplatin. We hypothesize that the development of CO delivery
techniques for coadministration with existing cancer treatment regimens may ultimately improve clinical
outcomes in cancer therapy.
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Carbon monoxide (CO), an endogenously produced gaseous molecule, has been recognized as a gasotransmitter,
that elicits biological responses in mammalian pathophysiology (1,2]. Along with nitric oxide and hydrogen sulfide
(H>S), gasotransmitters have recently been shown to play roles in a wide array of chemistry in biological systems.
Unlike nitric oxide, a radical species, and H,S, a weak acid and reducing agent, CO is relatively inert. This weak
Lewis base interacts with transition metal centers in low oxidation states. In human cells and tissues, CO reacts newlands
almost exclusively with 5-coordinate ferrous heme cofactors [31. press

10.4155/fmc-2019-0266 © 2020 Newlands Press Future Med. Chem. (Epub ahead of print) ISSN 1756-8919
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Historically CO is noted for its generation from incomplete hydrocarbon combustion and toxicity arising from
its binding to hemoglobin, the oxygen carrier in mammals. However, endogenous production of CO as a product
of heme catabolism has been known for over 70 years. This reaction is catalyzed by microsomal heme oxygenase
(HO), an enzyme that exists in two isoforms namely, HO-1 (inducible) and HO-2 (constitutive) (4]. Catabolism
of free heme is vital for maintaining cellular health and mitigating the toxic effects of heme-catalyzed oxidation
reactions. Indeed, loss-of-function mutations in HO-1 are lethal. In the human body, micromolar amounts of
CO are generated collectively by HO-1 and HO-2. Nearly all tissues are capable of HO-1 induction, though its
expression in Kupffer cells and anti-inflammatory/M2-polarized macrophages suggest a role for CO in modulating
immune response and inflammation. Constitutive HO-2 produces CO in the liver, testes, endothelial cells and the
brain where it is reputed to play important roles in maintaining vascular tone.

Research during the past three decades has explored the potential of low doses (10-100 ppm) of CO as
a therapeutic in a wide array of injury and disease models including wound healing, colitis, sepsis, cerebral malaria,
diabetes, balloon angioplasty-induced stenosis, ileus/bowel immotility and organ transplantation 15,6]. The observed
salutary effects of CO in these disease/injury models may be partially explained by the ability of CO to modulate
intracellular levels of reactive oxygen species (ROS) in target cells, attenuate macrophage activation by cytokine
and endotoxin, inhibit endothelial cell apoptosis and prevent T-cell proliferation (6]. In addition, CO has been
shown to be effective in attenuating and resolving chronic inflammation, a process implicated in many diseases
including cancer 17]. Upregulated and chronic inflammation is implicated as a key factor in the initiation and
progression, metastatic spread and the development of therapeutic resistance in cancer [s. In light of observations
of the protective and anti-inflammatory effects of HO-1/2 and CO, recent efforts have been made to explore the
possible therapeutic application of CO in cancer models.

CO in cancer therapy

Work from our group and others have provided evidence for the therapeutic potential of exogenous CO in
cancer cell models in recent years 9-15]. However, the delivery of CO to malignant targets require novel delivery
approaches using either CO gas or CO-releasing molecules (CORMs) 116,17]. Although some progress along this line
has been achieved in recent years [5,9,11,18], therapeutic application of CO in a clinical setting is still in its infancy.
Fortunately, the CORM:s have provided crucial help in exploring, among others, the physiological processes that
lead tumorigenic initiation, progression and ultimate management of cancer. The pathology of cancer often poses
challenges arising from therapeutic drug resistance and the role of CO in mitigating such processes could be quite
interesting. In this context, CO has been shown to sensitize cells to chemotherapeutics in cancer models n15). If
incorporation of CO into existing chemotherapeutic regimens could indeed improve drug efficacy, health outcomes
may improve significantly. This hypothesis has prompted us to undertake research efforts to explore the effects of
CO coadministration with conventional chemotherapeutics on human cancer models.

Antioxidant capacity in chemoresistant cancer
Drug resistance remains as the main impediment to the management of cancer (19,20]. Accumulating evidence
suggests that the unique metabolic profile found in cancer cells is integral for imparting a drug resistant phenotype.
Hallmarks of cancer cellular biology such as altered glucose metabolism, peroxisome activity, mitochondrial dys-
function and enhanced growth/signaling pathway activity alter the redox balance in cancer cells, generating higher
levels of ROS and inducing chronic oxidative stress [21].

While high oxidative stress is acutely cytotoxic, the low and chronic oxidative stress within cancer cells hormet-
ically enhances antioxidant metabolic pathways and production of antioxidants. Total cellular antioxidants are
qualitatively referred to as the total antioxidant capacity of the cell, the ability of the cell to cope with oxidative
stress. There is substantial evidence of the protumorigenic role for antioxidants, including the master regulator of
anti-oxidative responses nuclear factor (erythroid-derived 2)-like 2 (Nrf2), antioxidant enzymes and cellular an-
tioxidants such as nicotinamide adenine dinucleotide phosphate (NADPH), cysteine and glutathione (GSH) 1221.
Cancer cells maintaining an elevated antioxidant capacity acquire resistance to future, acute stressors, including that
induced by chemotherapeutic agents 1191. Many chemotherapeutics (e.g., vinca alkaloids, taxanes, anthracyclines
and platinum-based drugs) and nonchemical therapies (e.g., radiation) directly generate excessive ROS in cancer
cells, inducing apoptosis by interfering with processes including cell-cycle progression and DNA stability [231. In
most cases, the antineoplastic drug effects are indirectly mediated by ROS which eventually bring about the apop-
totic death of the cancer cell. Furthermore, thiol-containing antioxidants and peptides, GSH and metallothionein,
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Figure 1. Scheme of transsulfuration and glutathione
biosynthesis pathways.

CBS: Cystathionine p-synthase; CGL: Cystathionine
v-lyase; GCL: Glutamate-cysteine ligase; GS: Glutathione
synthase; GSH: Glutathione.

are known to bind and inactivate chemotherapeutics [24]. As a consequence, selective suppression of the antioxidant
capacity of cancer cells by inhibiting antioxidant pathways could mitigate the incidence and intensity of therapeutic
resistance and associated poor prognosis.

The chemosensitizing effects of CO observed in prostate cancer cells by Otterbein and coworkers, indicate that
one mechanism by which CO exerts its salutary effect(s) is through ‘metabolic exhaustion’ a depletion of intracellular
ATP combined with increased mitochondrial oxygen consumption and decreased glycolytic activity 115], which in
turn has been recently reported to decrease drug efflux by ATP-binding cassette transporters [25]. Kaczara et al.
have provided evidence that this occurs via uncoupling of mitochondrial respiration (2], though the nature of
mitochondrial uncoupling by CO is unclear and somewhart controversial. Mechanisms involving direct/indirect
interactions of CO with ion channels have also been proposed (271, though CO exerting its salutary effect(s) by
‘metabolic exhaustion” most possibly occurs by binding to enzymes involved in energy metabolism 128,291 CO has
several demonstrated direct biological targets (3], though consensus over those that are therapeutically relevant is
lacking. The elevated levels of ROS in cancer cells strongly suggest that interaction of CO with enzymes involved
in maintaining their antioxidant capacity could be another important target of CO leading to drug sensitization.
Therefore, we have focused on cystathionine B-synthase (CBS) as a potential target of CO in moderating the overall
redox environment in cancer cells and alleviating drug resistance.

CBS

CBS, a heme-containing enzyme, catalyzes the first step of the transsulfuration pathway: the condensation of
homocysteine with either serine or cysteine to generate cystathionine (CTH) and water or H;,S, respectively
(Figure 1) 301. CTH is further catabolized into cysteine, catalyzed by CTH y-lyase, the second enzyme of the
transsulfuration pathway. In tissues where demand for GSH is high, including the liver and pancreas, CBS and
the transsulfuration pathway provide a significant source of cysteine for GSH biosynthesis [31]. Alternatively,
homocysteine can be diverted from the transsulfuration pathway and be recycled into methionine, catalyzed by the
enzyme methionine synthase, a cobalamin-containing enzyme. Interestingly, methionine synthase, unlike CBS, is
prone to oxidative inactivation, suggesting a prominent role for CBS in regulating methylation and transsulfuration
in the cell, especially under oxidative conditions 32].

fu(ure science group 10.4155/fmc-2019-0266
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Figure 2. Structure of the cation of the photoCORM
used in our study: [Mn(CO);(phen)(PTA)]CF;SO3.

GSH levels have been shown to be elevated in tumor tissues from patients with head and neck, lung, breast and
ovarian cancers compared with corresponding nonmalignant tissues 221. GSH and other antioxidants have been
shown to play a key role in protecting cancer cells from a wide range of anticancer therapies, with elevated levels
predictive of drug resistance and therapeutic failure. Inhibition of CBS in cancer cells exhibiting overexpression
could reduce GSH levels, perturbing the balance between the generation and quenching of ROS, inducing oxidative
stress and abating the drug resistant phenotype.

Inhibition of CBS by CO

CBS is unique in that it is the only pyridoxal phosphate-dependent enzyme that also contains a prosthetic heme,
which renders CBS sensitive to CO. CO has a high affinity for ferrous heme in CBS (301. The binding of CO to
CBS is kinetically slow, 0.0166 s, as CO binds via displacement of Cys52 from the iron center. The displaced
thiolate on Cys52 is stabilized by Arg266, the likely mechanism by which CO inactivates CBS. Physiological levels
of CO are sufficient to inhibit CBS activity, Ki = 3 uM.

Is CBS a therapeutically relevant target of CO in cancer cells?

Substantial evidence supports the therapeutic relevance of CBS as a cancer-specific target. Previous studies have
utilized RNA interference and pharmacological inhibitors to reveal the oncogenic and cytoprotective effects of
CBS in ovarian, colon and breast cancers [32]. Recently, our group has found that CO, delivered from biologically
compatible, photo-activatable CO-releasing molecules (photoCORMs) can induce apoptotic death in human
breast and colon cancer cells (9-13]. This finding prompted us to the second phase of the project where we sought to
find out the target(s) of CO in cancer cells that leads to apoptosis and whether CO binding to such targets could
sensitize them to conventional chemotherapeutics. Because diminution of the antioxidant capacity could lead to
drug sensitization, we hypothesized that CBS is one of the main effectors of CO-mediated sensitization of cancer
cells to chemotherapeutics. We therefore selected human breast and ovarian cancer cells, two disease models where
CBS is overexpressed and correlate with tumor grade, to study the drug sensitizing effects of CO.

Effects of CO in human breast cancer cells

The pathology atlas of human cancer transcriptome (33] revealed that despite absence in normal breast cells, CBS
is expressed in transformed breast cancer cells to a moderate extent. This fact allowed us to study the effects of
CO on CBS in a cancer cell model. The photoCORM used in our study was [Mn(CO)3(phen)(PTA)]CF3SO3, a
water-soluble CORM that releases CO upon exposure to visible light (Figure 2) 110]. This CO donor allowed us to
deliver CO to biological targets under the control of visible light, when desired.

In previously published work from our group, we employed a set of three human breast cancer cell lines
representing both estrogen/progesterone receptor-positive cell line MCF-7 and triple negative breast cancer cell lines
MDA-MB-468 and Hs 578T to demonstrate the general applicability of our observations 34]. Quite in agreement
with our hypothesis light-triggered CO delivery from 120 uM photoCORM to these cancer cells inhibited CBS
enzyme activity, as measured by decreases in steady state levels of CTH (Figure 3) 134]. Incidentally, CTH and H.S,
enzymatic products of CBS, enzymatic products of CBS, themselves promote endoplasmic reticulum homeostasis
and positively regulate Nrf2 (35-371. Through this H,S-Nrf2 axis, CBS promotes expression of GSH biosynthesis

enzymes, as well as glucose-6-phosphate dehydrogenase, the rate-limiting enzyme in the pentose phosphate pathway,
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Figure 3. Effect of carbon monoxide on steady state levels of transsulfuration/glutathione biosynthesis
metabolites, as d by liquid ch graphy-mass spectrometry, and NADPH/NADP™* in human breast cancer
cells. CO inhibits CBS mediated production of cystathionine and H,S, downregulating Nrf2. Downregulation of Nrf2,
in turn, attenuates expression of GCL, GS and G6PD, antioxidant genes downstream involved in GSH
biosynthesis/regeneration of GSH from GSSG. Data representative of at least n = 3 individual experiments; *p< 0.05.
CBS: Cystathionine p-synthase; CO: Carbon monoxide; GS: Glutathione synthase; GSH: Glutathione; GSSG: Glutathione
disulfide; H,S: Hydrogen sulfide; Nrf2: Nuclear factor (erythroid-derived 2)-like 2; GCL: Glutamate-cysteine ligase;
G6PD: Glucose 6-phosphate dehydrogenase.
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cotreatment with exogenous carbon monoxide sensitizes human breast cancer cell line MCF-7 to conventional
chemotherapeutics, doxorubicin and paclitaxel.

Data representative of at least n = 3 individual experiments; *p< 0.05.

CO: Carbon monoxide.

whose activity promotes production of NADPH (Figure 3), the reducing equivalent required for regeneration of
GSH from glutathione disulfide (GSSG). In our previously published experiments (34], inhibition of CBS by CO
led to a decreased NADPH/NADP* and GSH/GSSG ratios indicating a reduction in the antioxidant capacity in
all three breast cancer cells (Figure 3).

Also, treatments with the slow H, S-releasing drug (p-methoxyphenyl)morpholino-phosphinodithioic acid (GYY
4137) and CTH were able to restore the elevated antioxidant capacity of cancer cell line MCF-7, showing that
inhibition of CBS by CO was indeed responsible for the observed lowering of NADPH/NADP* and GSH/GSSG
ratios (34]. To further confirm the role of CBS in these measurements, we checked whether expression of CBS activity
in a CBS-free cell model could increase the NADPH/NADP* and GSH/GSSG ratios through H,S-mediated
stabilization of Nrf2. In this attempt, we overexpressed CBS in the normal human breast cell line MCF-10A
(normally lacking CBS expression/activity) and observed increased ratios of these redox pairs (Figure 4) 134].
Together these findings published from our group confirm that CBS is an important player in maintaining an
elevated antioxidant capacity in human breast cancer cells [34].

Finally, we wanted to check whether CBS inhibition by CO, and the subsequent lowering of the antioxidant
capacity of the cancer cells, sensitizes them toward chemotherapeutics. In such attempt, we pretreated MCF-7 cells
with CO (delivered from the photoCORM) for 30 min followed by addition of doxorubicin. The results from cell
viability assays 48 h post-treatment clearly showed that pretreatment of the cells with CO significantly enhanced
the cytotoxic effects of doxorubicin compared with doxorubicin treatment alone (Figure 5) (34]. Similar results were
obtained with paclitaxel as the chemotherapeutic (Figure 5) 341. In conclusion, our results from this previous study
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Figure 6. Steady state levels of transsulfuration/glutathione biosynthesis metabolites in cisplatin-resistant ovarian
cancer cell lines compared with respective parent cell lines OVCAR-5 and SKOV-3. Cisplatin-resistant ovarian cancer
cells exhibit elevated levels of transsulfuration pathway metabolites (cystathionine and cysteine) and glutathione
biosynthesis pathway metabolites (y-Glu-Cys and glutathione).

Data representative of at least n = 3 individual experiments; *p< 0.05.

strongly suggest that CO has the ability to lower the antioxidant capacity of breast cancer cells by inhibition of
CBS, and consequently sensitize the cells to chemotherapeutics such as doxorubicin and paclitaxel (34].

Effects of CO in human ovarian cancer cells

In neoplasms of the ovaries, CBS expression correlates with carcinogenesis and tumor grade; we therefore hypothe-
sized that CO could inhibit CBS in an ovarian cancer model. Recent work published by our group, involving careful
screening of the human ovarian cancer cells OVCAR-5 and SKOV-3 and their cisplatin-resistant variants, revealed
that the expression of the transsulfuration pathway enzymes CBS and cystathionine y-lyase in the cisplatin-resistant
cell lines are both profoundly higher compared with the parent cell lines 138]. This important finding suggested
a direct role for CBS and the transsulfuration pathway in imparting cisplatin-resistance. One largely elucidated
mechanism of cisplatin resistance is the binding and inactivation of cisplatin by cellular thiols GSH and metalloth-
ionein, both of which are highly dependent on the bioavailability of cysteine (a product of CBS activity) (39]. In
initial measurements the cisplatin-resistant ovarian cancer cells, as expected, exhibited nearly twofold higher steady
state levels of the transsulfuration metabolites (CTH and cysteine), GSH and its biosynthesis metabolite y-Glu-Cys
(Figure 6), and the expression of metallothionein compared with the cisplatin-sensitive variants [3s].

Furthermore, N-acetyl-cysteine, a bioavailable cysteine donor, further increased the levels of both GSH and
metallothionein in these cells 38]. It is important to note that GSH and metallothionein are the two clinically
relevant markers and predictors of cisplatin resistance in ovarian cancer patients [39]. Treatment of the cisplatin-
resistant ovarian cancer cells with CO attenuated all the steady state levels of these CBS-derived products (Figure 7).
Also, the effect of CO was mimicked by lentiviral-mediated silencing of CBS in these cisplatin-resistant cells,
supporting the hypothesis that CO-derived attenuation of the metabolite levels was mediated by CBS (38].
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Figure 7. Effect of carbon monoxide on transsulfuration/glutathione biosynthesis pathway metabolites, assayed by liquid
chromatography-mass spectrometry, in cisplatin-resistant ovarian cancer cell lines, 24 h post-treatment. CO inhibits cystathionine
B-synthase, decreasing cystine uptake via the xCT and lowering steady state levels of cystathionine, the substrate for cystathionine y-lyase.
Consequently, CO decreases intracellular cysteine levels to inhibit glutathione biosynthesis as measured by steady state levels of y-Glu-Cys
and GSH, products of GCL and GS, respectively.

Data representative of at least n = 3 individual experiments; *p < 0.05.

CBS: Cystathionine B-synthase; CO: Carbon monoxide; GCL: Glutamate—cysteine ligase; GS: Glutathione synthase; GSH: Glutathione; H,S:
Hydrogen sulfide; xCT: Glutamate-cystine antiporter.

In addition to the transsulfuration pathway, H,S generated by CBS has been shown to increase the activity
of the cystine-glutamate antiporter xCT which imports, from the extracellular milieu, a significant portion of
cystine into cancer cells that is converted into cysteine. This cysteine is also utilized in the synthesis of GSH and
metallothionein [40]. In our experiment, the cisplatin-resistant ovarian cancer cells exhibited nearly twofold increase
in the uptake of cystine-D4 (compared with the cisplatin-sensitive cells) in cell culture conditions, as indicated
by the intracellular cysteine-D2 concentrations within the cancer cells (Figure 8) (381. CO treatment of the same
cells led to a significant drop in the concentration of cysteine-D2 showing that inhibition of CBS by CO (with
concomitant decrease in H,S) downregulates the activity of the xCT antiporter (Figure 3).
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Figure 9. Relative glutamate—cystine antiporter activity assayed by extracellular D4-cystine uptake, determined by
steady state levels of intracellular D2-cysteine in cisplatin-resistant ovarian cancer cell lines silenced for cystathionine
B-synthase and treated with H,S for 24 h. Silencing CBS expression decreases D4-cystine uptake, which is mitigated by
the donation of extracellular HS. Data representative of at least n = 3 individual experiments; *p< 0.05.

CBS: Cystathionine p-synthase, xCT: Glutamate—cystine antiporter, HzS: Hydrogen sulfide.

Addition of H,S by the use of the slow H;S-releasing drug GYY 4137 enhanced the cystine-D4 uptake,
an observation that further confirms the role of CBS in positively regulating the activity of the xCT antiporter
(Figure 9) [38].

Finally, we tested the hypothesis that CO does sensitize the cisplatin-resistant ovarian cancer cells and makes
them susceptible to cisplatin. Indeed, when the cisplatin-resistant ovarian cancer cells were cotreated with cisplatin
and CO, we observed a much higher extent of apoprotic cell death of cells compared with cells that were treated
only with cisplatin (Figure 10) 138]. Together, these results published by our group elucidate a distinct role for
CBS in imparting cisplatin resistance and provide preliminary evidence for CO as a novel adjuvant therapeutic for
ovarian cancer [38].

Future perspective

Breast cancer is the leading cancer diagnosed in women and the second leading cause of cancer-related death
in women. It is estimated that one in eight women will be diagnosed with breast cancer in their lifetime and
over 40,000 women deaths will occur each year due to lack of or poor response to treatment [41]. Incidentally,
chemotherapeutic drug resistance is a major impediment to effective treatment of breast cancer. The cancer cells
often acquire resistance to cisplatin, paclitaxel and doxorubicin, and leads to poor clinical outcomes. Because
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Figure 10. Trypan blue exclusion cell viability assay of cisplatin-resistant ovarian cancer cells 24 h post-treatment
with carbon monoxide, cisplatin or coadministration of carbon monoxide and cisplatin. Cells cotreated with CO and
cisplatin exhibit greater cell death compared with cells treated with cisplatin alone. Data representative of at leastn =
3 individual experiments; *p < 0.05.

CO: Carbon monoxide.

elevated levels of ROS and alteration of redox balance are common hallmarks of cancer progression and drug
resistance [42], we focused on CBS, an enzyme intimately involved with redox homeostasis [35]. Although role of
CBS in cancer has been examined to find out the role of Hy S in the pathophysiology of cancer 143, we focused on the
interactions of CO with CBS and the utility of this gasotransmitter in cancer therapy. In particular, we are interested
in the role of CBS in promoting an elevated antioxidant capacity and drug resistance. Our results, described above,
strongly suggest that CBS inhibition by CO could be one effective strategy for enhancing the efficacy of drugs such
as doxorubicin and paclitaxel which exert their tumoricidal effect(s) via induction of ROS 144,45].

Clinically cisplatin is the standard of care for the management of human ovarian cancer 146]. Unfortunately,
the majority of patients develop resistance to cisplatin and succumb to the disease. Our results indicate that
modulation of CBS activity in ovarian cancer cells might provide a strategy for mitigating drug-resistance observed
frequently with ovarian cancer patients. While our work focused on the effects of CO-mediated inhibition of CBS
on the transsulfuration pathway, notable work by Suematsu and coworkers has focused on the transmethylation
pathway [47]. In this work, stress-induced CO production in human leukemia cell line U937 suppressed CBS activity,
in contrast to our studies in breast and ovarian cancer models, to promote generation of cellular antioxidants via
decreased phosphofructokinase/fructose bisphosphatase type-3 methylation. This resulted in a shift in glucose
biotransformation toward the pentose phosphate pathway, promoting generation of cellular reductants to impart
resistance to chemotherapeutics [47]. The paradoxical effect(s) of CO-mediated inhibition of CBS in leukemia [47]
versus breast/ovarian cancer tissues [34,38] highlight the context-dependent role of CBS in tumor growth and
progression, a concept strongly emphasized in a recent review on the role of CBS in different human cancers 4s]. It
is very apparent that CBS has a functional role in chemotherapeutic resistance and together, these findings suggest
that CO, a relatively unreactive gaseous molecule once thought of as a toxic byproduct of heme catabolism, exerts
profound biological effects in cancer cells. It is quite possible that smart CO delivery to cancer cells could sensitize
them to conventional chemotherapeutics and mitigate the grim statistics of cancer-related death arising from drug
resistance.

A close scrutiny of the literature reveals that most antitumor therapeutics are aimed at proteins that drive
cancer proliferation. Blocking of such pathways almost always triggers the evolution of escape routes or alternative
pathways to meet the continuous demand for proliferation in cancer cells 149. However little is known about
whether cancer cells are equally efficient in adapting alternative routes when it comes to the inhibition of ‘cancer
maintenance/homeostatic’ functionalities. Redox homeostasis is one such function and the CBS-CO inhibitory
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axis essentially perturbs this crucial pathway. Because upregulation of antioxidant capacity in adaptation of intrinsic
oxidative stress in cancer cells often leads to drug resistance, disruption of the homeostatic rather than proliferative
potential of the cancer cells through inhibition of the redox regulatory effects of CBS by CO might be an effective
strategy to eliminate these cells 1501. The results of our studies on CBS inhibition by CO in relation to cancer
pathogenesis and therapeutic resistance, presented here, support another perspective to the therapeutic potential of
CO.

Executive summary

e Carbon monoxide (CO) has recently been identified as a gasotransmitter, a diffusible molecule that plays many
roles in physiological processes.

Concomitant development of improved CO donor molecules, including photo-activatable CO-releasing molecules
(photoCORMs), has been helpful in identifying the beneficial effects of CO in human pathophysiology.
Elucidation of these effects has strengthened the potential for CO-based therapeutics. Detailed studies in cell
culture and animal models have also demonstrated promise for the development of CO-based cancer therapies,
notably the ability of CO to sensitize chemotherapeutic-resistant cancer cells.

Chemoresistance is one of the leading causes of therapeutic failure and poor clinical outcomes in cancer. This
perspective summarizes the findings on the ability of CO to mitigate drug resistance in certain cancer cells
through inhibition of cystathionine f-synthase (CBS), a key regulator of redox homeostasis in the cell.

In human breast cancer cells, the heme-containing enzyme CBS maintains the antioxidant capacity by
maintaining increased ratios of reduced/oxidized glutathione (GSH/GSSG), reduced/oxidized NADPH
(NADPH/NADP™") compared with normal breast cells lacking CBS. Inhibition of CBS by CO (delivered from a
photoCORM) lowers these antioxidant ratios considerably. Because H;S, a product of CBS activity, positively
regulates Nrf2, inhibition of CBS by CO downregualtes enzymes regulate by Nrf2, including those involved in GSH
biosynthesis and the pentose phosphate pathway. Genetic silencing of CBS mimics the effect of CO treatment in
these same cells. Overexpression of CBS and addition of H,S reverse such diminution of the levels of the
antioxidants. Collectively, diminution of the antioxidant capacity of human breast cancers leads to sensitization
to reactive oxygen species producing drugs like doxorubicin and paclitaxel upon cotreatment with CO.

In human ovarian malignancy, CBS is overexpressed only in those ovarian cancer cells resistant to cisplatin. CO
treatment of these cells results in reduction of intracellular cysteine, GSH and nuclear metallothionein expression;
features implicated in mitigating the drug effects of cisplatin. Cell viability studies clearly demonstrate
sensitization of human ovarian cancer cells to cisplatin upon cotreatment with CO, indicating the role of CBS in
the emergence of drug resistance in ovarian cancer cells.

Collectively the results suggest that improved delivery techniques for coadministration of CO with existing cancer
chemotherapeutics could improve clinical outcomes in cancer therapy.
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Chapter 2

Carbon monoxide attenuates the antioxidant capacity of human breast cancer

cells through inhibition of cystathionine B-synthase
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2.1 Background

Drug resistance remains as the main impediment to the management of cancer.'”
Accumulating evidence suggests that the unique metabolic profile found in cancer
cells is integral for imparting a drug resistant phenotype. Hallmarks of cancer cellular
biology such as altered glucose metabolism, peroxisome activity, mitochondrial
dysfunction and enhanced growth/signaling pathway activity alter the redox balance
in cancer cells, generating higher levels of ROS and inducing chronic oxidative
stress.” While high oxidative stress is acutely cytotoxic, the low and chronic oxidative
stress within cancer cells hormetically enhances antioxidant metabolic pathways and
production of antioxidants. Total cellular antioxidants are qualitatively referred to as

the total antioxidant capacity of the cell, the ability of the cell to cope with acute
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oxidative stress. There is substantial evidence of the pro-tumorigenic role for
antioxidants, including the master regulator of anti-oxidative responses nuclear factor
(erythroid-derived 2)-like 2 (Nrf2), antioxidant enzymes and cellular antioxidants
such as NADPH, cysteine and glutathione (GSH).* Cancer cells maintaining an
elevated antioxidant capacity acquire resistance to future, acute stressors, including
that induced by chemotherapeutic agents.” Many chemotherapeutics (e.g. vinca
alkaloids, taxanes, anthracyclines and platinum-based drugs) and non-chemical
therapies (e.g. radiation) directly generate excessive ROS in cancer cells, inducing
apoptosis by interfering with processes including cell cycle progression and DNA
stability.® In fact, all anti-neoplastic drug effects are mediated by ROS as apoptosis is

mediated by ROS induction.*”®

As a consequence, selective suppression of the
antioxidant capacity of cancer cells by inhibiting antioxidant pathways could mitigate

the incidence and intensity of therapeutic resistance and poor prognosis.

In tissues where demand for GSH and antioxidants in high, including the liver
and pancreas, the enzymatic action of cystathionine B-synthase (CBS) and the
transsulfuration pathway provide a significant source of cysteine for GSH
biosynthesis.” The transsulfuration pathway serves a major source of intracellular
cysteine for GSH biosynthesis, a conduit for cysteine salvaged from
homocysteine/methionine and the transmethylation pathway (Figure 2.1). The first
and rate-limiting step in the pathway is catalyzed by CBS, a heme-containing enzyme.
CBS catalyzes the condensation of homocysteine and either serine or cysteine to

produce cystathionine (CTH) and H,O or H,S respectively. The second step in the
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pathway is catalyzed by cystathionine y-lyase (CGL), in which a second condensation
reaction between CTH and H,O occurs, producing cysteine, a-keto butyrate, and NHj.
Cysteine can be utilized by y-glutamyl-cysteine synthetase (GCS) to produce y-
glutamylcysteine (y-Glu-Cys), which is subsequently combined with glycine by
glutathione synthase (GS) to form GSH.'”!! Alternatively, homocysteine can be
diverted from the transsulfuration pathway and be recycled into methionine, catalyzed
by the enzyme methionine synthase, a cobalamin-containing enzyme. Interestingly,
methionine synthase, unlike CBS, is prone to oxidative inactivation, suggesting a
prominent role for CBS in regulating methylation and transulfuration in the cell,

. . . .. 12
especially under oxidative conditions.

Transmethylation
Methionine j>
C Homocysteine

CBs

e &
stathionine
y H,0

CGle

Cysteine

GCL

y-Glu-Cys

Figure 2.1. Transmethylation, transsulfuration and glutathione biosynthesis pathways.
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GSH levels have been shown to be elevated in malignant tissues from patients
with head and neck, lung, breast and ovarian cancers compared to corresponding non-
malignant tissues.* GSH and other antioxidants have been shown to play a key role in
protecting cancer cells from a wide range of anti-cancer therapies, with elevated
levels predictive of drug resistance and therapeutic failure. Inhibition of CBS in
cancer cells exhibiting overexpression could reduce GSH levels, perturbing the
balance between the generation and quenching of ROS, inducing oxidative stress and

abating the drug resistant phenotype.

CBS is the only pyridoxal phosphate-dependent enzyme that also contains a
prosthetic heme, which renders the enzyme redox sensitive. This prosthetic heme
group also renders CBS sensitive to CO. CO has a high affinity for ferrous heme in
CBS, though the binding of CO to CBS is kinetically slow, 0.0166 s™', as CO binds
via displacement of Cys52 from the iron center."” The displaced thiolate on Cys52 is
stabilized by Arg266, the likely mechanism by which CO inactivates CBS.

Physiological levels of CO are sufficient to inhibit CBS activity, Ki =3 uM.

Substantial evidence supports the therapeutic relevance of CBS as a cancer-
specific target. Previous studies have utilized RNA interference (RNAi) and
pharmacological inhibitors to reveal the oncogenic and cytoprotective effects of CBS
in ovarian, colon and breast cancers.'* Malignant breast tissues overexpress CBS, but
lack the expression of CGL, though CBS nevertheless plays a key role in breast

cancer health and proliferation.'*'°
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The Mascharak group, and others, has found CO, delivered from biologically
compatible, photo-activated CO-releasing molecules (photoCORMs) to induce

apoptotic cell death in human cancer cell models,'”'®

though mechanistic studies have
not been performed. CO is known to elevate ROS levels within the cancer cell,” but
the mediating target(s) of CO have not been convincingly studied. This knowledge
gap prompted this chapter’s work, where we sought to find out if CBS was a target
CO in breast cancer cells and whether CO-mediated inhibition CBS could sensitize
those cells to conventional chemotherapeutics. Because diminution of the antioxidant
capacity likely leads to drug sensitization,”® we hypothesized that CBS was one main
effectors of CO-mediated sensitization of cancer cells to chemotherapeutics. We
selected human breast cancer as the model to study the drug sensitizing effects of CO,

delivered by photoCORM (Figure 2.2), as CBS is overexpressed in and correlates

with breast tumor grade."

| AN
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Figure 2.2. photoactivatable CO-releasing molecule (photoCORM) used in this study.
[Mn(CO)s(phen)(PTA)]CF3SO3; where phen is 1,10-phenanthroline, PTA is 1,3,5-
Triaza-7-phosphaadamantane and CF3;SO; is trifluoromethylsulfonate. Protons and
CF3S0; counterion have been omitted for clarity.
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2.2 CBS promotes an elevated antioxidant capacity in breast cancer cells

We first assessed the dependency, if any, of intracellular GSH/GSSG in three human
breast cancer cell lines on the presence of CBS expression and activity. Lentiviral-
mediated silencing of CBS in MCF-7, MDA-MB-468 and Hs 578T afforded three
derivative cell lines (shCBS) that exhibited decreased CBS protein expression (Figure
2.3A) and activity (Figure 2.3B) compared to lentiviral control-treated derivative cell
lines (scram). Despite there being no direct metabolic connection between CBS
activity and GSH biosynthesis, CBS-silenced cells were observed to have ~2-fold
lower intracellular GSH/GSSG ratios compared to respective scrambled controls,
indicative of increased, mild oxidative stress (Figure 2.3G).*"** GSH/GSSG is an
important redox buffer for the cell, resisting acute changes in the generation and
scavenging of ROS.” Along with decreased GSH/GSSG, intracellular ROS levels in
CBS-silenced cell lines were ~50% higher than the corresponding control-silenced

cell lines (Figure 2.3H).

The ratio of GSH/GSSG inside the cell is dependent upon two processes: the
de novo synthesis of GSH and the regeneration of 2 GSH from the enzymatic
reduction of GSSG.” GSH biosynthesis occurs through the action of the
transsulfuration pathway, while the reduction of GSSG occurs through the enzymatic

action of glutathione reductase and requires the reducing co-factor NADPH.

Concentrations of transsulfuration pathway metabolites in CBS-silenced cells

and control-silenced cells were measured and compared to determine whether the
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CBS expression and activity affected the de novo biosynthesis of GSH in human
breast cancer. Steady-state levels of cysteine, y-Glu-Cys and GSH were all
significantly lower in CBS-silenced cells versus control-silenced cells, evidence that
CBS was a significant and positive regulator of GSH biosynthesis in human breast

cancer cells (Figure 2.3C-E).

Next, the role of CBS, if any, in the regeneration of GSH from GSSG was
assessed. The two-electron reduction of GSSG into 2 GSH by glutathione reductase
(GSR) is dependent on the reducing potential of NADPH, which in turn is itself
oxidized to NADP".'> NADP" is regenerated back to NADPH through a coupled
redox reaction with glucose-6-phosphate, which is catalyzed by glucose 6-phosphate
dehydrogenase (G6PD).” Like GSH/GSSG, NADPH/NADP" can be considered a
redox buffer, whose ratio is tightly regulated by the cell to balance intracellular ROS
levels. The supply of NADPH is the limiting factor in the activity of GR,* therefore
NADPH/NADP' is a measure of the cells ability to generate GSH from GSSG.
NADPH assay measurements indicated that NADPH/NADP" ratios in CBS-silenced
human breast cancer cell lines were significantly lower compared to corresponding
control-silenced cells, suggesting that CBS also maintained elevated GSH levels

through the maintenance of elevated NADPH/NADP" (Figure 2.3F).
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Figure 2.3. Effects of silencing CBS on the antioxidant capacity, redox homeostasis
and GSH homeostasis in human breast cancer cells. (A) Western blot analysis of
whole cell lysates for CBS expression in CBS-silenced (shCBS) and control shRNA
(scram) human breast cancer cells. GAPDH probed for loading control. Effects of
CBS knockdown in human breast cancer cells on intracellular, steady state levels of
(B) cystathionine, (C) cysteine, (D) y-Glu-cys and (E) GSH, measured by HPLC-MS.
(F) Percent change in ratios of NADPH/NADP" and (G) GSH/GSSG ratios in CBS-
silenced human breast cancer cells. (H) Effect of CBS-silencing on relative
intracellular ROS levels, determined by DCF fluorescence and analyzed by flow
cytometry. Data and blots representative of n=3 independent experiments. (* p<0.05)
Abbreviations: cystathionine [-synthase (CBS), cystathionine y-lyase (CGL),
glutamate-cysteine ligase (GCL), glutathione synthase (GS), nicotinamide adenine
dinucleotide phosphate (NADPH), glutathione (GSH), glutathione reductase (GSR)
high performance liquid chromatography-mass spectrometry (HPLC-MS), reactive
oxygen species (ROS), 2°, 7’-dichlorofluorescein (DCF).

48



2.3 CBS expression positively correlates with Nrf2 and downstream antioxidant

genes

Having found that CBS expression/activity in human breast cancer cells is highly
correlated to an elevated antioxidant capacity, evidenced by increased GSH/GSSG
and NADPH/NADP" ratios in (Figure 2.3F-G), we sought to elucidate the underlying
mechanisms. This effort was of particular intrigue because of the lack of direct
connection between CBS and GSH biosynthesis, due to a truncated transsulfuration

pathway."

This apparent indirect up-regulation of both de novo GSH synthesis and
regeneration of GSH from GSSG by CBS in human breast cancer led us to believe
that CBS was working through a transcription factor, as activated transcription factors
possess the ability to regulate multiple downstream processes through transcriptional
regulation of multiple genes. RT-qPCR experiments revealed that Nrf2 mRNA
expression was ~2-fold lower in CBS-silenced cells compared to control-silenced
cells (Figure 2.4A). Nrf2, a key transcriptional regulator of cellular response to
oxidants, regulates the expression of several genes related to both GSH biosynthesis
and regeneration of GSH from GSSG.>* In addition to Nrf2, CBS-silenced cells
exhibited decreased expressions of glutamate-cysteine ligase (GCL) (Figure 2.4B),
the rate-limiting transsulfuration pathway enzyme, G6PD (Figure 2.4C), the rate-

limiting enzyme of the pentose phosphate pathway, and GSR (Figure 2.4D).
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The promotion of an elevated antioxidant capacity in human breast cancer cells by
CBS appeared to be substantially mediated by Nrf2, though with the data in hand,
such an observation was merely correlative. Off target, non-sequence specific effects,
including unintended mRNA gene silencing due to non-specific binding, Toll-like
receptors (TLRs) activation by shRNA and cytotoxicity due to saturation of the
endogenous miRNA pathway are well documented and in some cases, have been
responsible for misattributed effectiveness of RNAi therapies.”” Additional
experiments were necessary to control for the possibility that Nrf2, and genes
downstream of it, were not altered in CBS-silenced cell lines due to non-sequencing

specific effects.
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Figure 2.4. Transcriptional effect(s) of CBS-silencing on antioxidant response in
human breast cancer cells. (A) RT-gpCR data showing the expression of Nrf2 in
CBS-silenced cells (shCBS) compared to control shRNA-transfected cells (scram).
Relative mRNA expression levels of antioxidant response genes regulated by Nrf2:
(B) GCLC, (C) G6PD and (D) GSR. Data representative of n=3 independent
experiments. (* p<0.05) Abbreviations: cystathionine B-synthase (CBS), nuclear
factor erythroid 2-related factor 2 (Nrf2), glutamate-cysteine ligase catalytic subunit
(GCLC), glucose 6-phosphate dehydrogenase (G6PD), glutathione reductase (GSR).
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2.4 Addition of H,S and CTH to CBS-silenced breast cancer cells restores the

antioxidant capacity

To address these shortcomings and establish a causative, rather than correlative,
relationship between genetic silencing of CBS and antioxidant capacity, we assessed
whether H,S and CTH, products of CBS enzymatic activity, could partially restore
the antioxidant capacity in CBS-silenced human breast cancer line MCF-7. This could
be considered a functional CBS knock-in, whereby the specificity of CBS activity
towards promoting an elevated antioxidant capacity in human breast cancer cells
could be established. To MCF-7(shCBS), extracellular H,S, delivered by slow H,S-
releaser GYY 4137, and CTH were added. 24 h post-treatment, the antioxidant
capacity of the cells, indicated by GSH/GSSG and NADPH/NADP', was largely
restored to levels similar to control-silenced MCF-7 cells, MCF-7(scram) (Figure
2.5B, C). The restored antioxidant capacity in H,S/CTH-treated MCF-7(shCBS) was
co-observed with a decrease in intracellular ROS levels (Figure 2.5D). A significant
increase in steady state levels of GSH, upon treatment of MCF-7(shCBS) cells with
H,S/CTH, was also observed (Figure 2.5A), reinforcing the action of CBS towards
promoting an elevated antioxidant level in human breast cancer cells through positive

regulation of intracellular GSH levels.
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Figure 2.5 Effect(s) of H>S and cystathionine treatment on redox homeostasis in
CBS-silenced human breast cancer cells. (A) Steady state levels of intracellular GSH
in CBS-silenced MCF-7 cells, MCF-7(shCBS), upon treatment with H,S, delivered
from 40 pM GYY 4137, and 100 pM cystathionine for 24 h. (B) Cytosolic
NADPH/NADP" and (C) GSH/GSSG ratios in MCF-7(shCBS) cells treated with
H,S/CTH. (D) Intracellular ROS levels of MCF-7(shCBS) cells treated with
H,S/CTH, determined by DCF fluorescence and analyzed by flow cytometry. Data
representative of n=3 independent experiments. (* p<0.05) Abbreviations:
cystathionine [-synthase (CBS), nicotinamide adenine dinucleotide phosphate
(NADPH), glutathione (GSH), reactive oxygen species (ROS), 2°, 7’-
dichlorofluorescein (DCF).
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Mechanistically, these CBS knock-in experiments indicated that CBS up-
regulated both de novo GSH biosynthesis and the regeneration of GSH from GSSG
through Nrf2. Treatment of MCF-7(shCBS) cells with H,S and CTH resulted in
significantly increased expression of Nrf2 (Figure 2.6A). Such an observation is
partially corroborated by previous studies, which demonstrate the ability of H,S to
stabilize Nrf2 through persulfidation of cysteine-rich regulatory protein, Keapl.”®
Functional CBS knock-in, in MCF-7(shCBS) cells, significantly increased
expressions of the rate-limiting enzyme in GSH biosynthesis, GCL(Figure 2.6B), and
the two key enzymes that regenerate GSH from GSSG, GSR and G6PD (Figure 2.6B,
(). Knocking-in CBS activity, by extracellular treatment with H,S and CTH, largely
reversed the attenuation of the antioxidant capacity that had resulted from lentiviral

silencing of CBS in MCF-7(shCBS), providing clear evidence for the direct actions of

CBS towards promoting an elevated antioxidant capacity in human breast cancer.
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Figure 2.6 Assessment of H,S and cystathionine treatment to reverse transcriptional
effects of silencing CBS in human breast cancer cells. (A) RT-qPCR data showing
relative change in Nrf2 expression resulting from treatment of CBS-silenced cells
with H,S, delivered by 40 uM GYY 4137, and 100 uM cystathionine for 24 h. RT-
qPCR data showing the effects of 24 h H,S/cystathionine treatment of CBS-silenced
breast cancer cells on transcription levels of (B) GLCL, (C) G6PD and (D) GSR. Data
representative of n=3 independent experiments. (*p<0.05) Abbreviations:
cystathionine B-synthase (CBS), nuclear factor erythroid 2-related factor 2 (Nrf2),
glutamate-cysteine ligase catalytic subunit (GCLC), glucose 6-phosphate
dehydrogenase (G6PD), glutathione reductase (GSR).
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2.5 Overexpression of CBS in normal human breast cells increases cellular

antioxidant capacity

The expression and activity of CBS in breast cancer cells up-regulated transcriptional
and metabolic processes that promoted an increased antioxidant capacity (Figure 2.3-
6). However, we further wanted to understand the extant to which CBS alone
promotes the antioxidant capacity of human breast cancer cells, or if cancer-specific
cellular conditions are required for its action. Unlike in malignant breast tissues and
cells, in normal breast cells and tissues, including normal breast cell line MCF-10A, 1
CBS is nearly undetectable by western analysis of whole cell lysates (Figure 2.7A).
Knock-in of CBS into MCF-10A cells was achieved using adenoviral transduction of
the CBS gene, with GFP gene transduction used as a control, MCF-10A(oxNull).
Successful transduction of CBS into MCF-10A cells, MCF-10A(0oxCBS), compared
to MCF-10A(oxNull) was confirmed by western analysis (Figure 2.7A). Intracellular
levels of CTH, the gene specific product of CBS, was >10-fold higher upon
transduction of CBS (Figure 2.7B). This enhanced activity was associated with an
increased in the antioxidant capacity of the cell, as measured by GSH/GSSG (Figure
2.7F), as well as increased steady state levels of GSH (Figure 2.7E) and its metabolic
precursors, cysteine (Figure 2.7C) and y-Glu-Cys (Figure 2.7D), suggesting up-
regulation of the GSH biosynthesis pathway. Furthermore, overexpression of CBS
increased the capacity of MCF-10A to regenerate GSH from GSSG, indicated by

increased NADPH/NADP" (Figure 2.7G).
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Figure 2.7 Effect(s) of CBS overexpression on the antioxidant capacity of normal
human breast cells. (A) Western blot analysis for CBS expression in whole cell
lysates of normal human breast cell line MCF-10A transduced with CBS-over-
expression (0xCBS) or transduction control (oxNull). GAPDH expression was used
as loading control, and HepG2 whole cell lysate was used a positive control for CBS
expression. Effect of CBS overexpression on intracellular, steady state levels of
transsulfuration metabolites (B) cystathionine, (C) cysteine and GSH biosynthesis
metabolites (D) y-Glu-Cys, (E) GSH performed by HPLC-MS and normalized to total
protein. (F) Intracellular GSH/GSSG and (G) NADPH/NADP' ratios in normal breast
cells overexpressing CBS. Blots and data representative of n-3 independent
experiments. (* p<0.05) Abbreviations: cystathionine -synthase (CBS), nicotinamide
adenine dinucleotide phosphate (NADPH), glutathione (GSH).
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2.6 CO inhibits CBS and attenuates the antioxidant capacity in human breast

cancer

Having discovered strong evidence to the role of CBS in promoting and maintaining
an elevated antioxidant capacity, we sought to determine whether CO, a known
inhibitor of CBS, could exert a meaningful, therapeutic response in human breast
cancer cells. Light-triggered delivery of CO from 120 uM photoCORM to cell lines
MCF-7, MDA-MB-468 and Hs 578T significantly inhibited CBS activity (Figure
2.8A). In a similar manner to CBS-silencing, CO-mediated inhibition decreased the
antioxidant capacity, indicated by a decrease in GSH/GSSG, in all three human breast
cancer cell lines (Figure 2.8F), as well as increased intracellular ROS levels (Figure
2.8G). Steady state levels of GSH, as well as the metabolic intermediates of GSH
biosynthesis, were significantly lower in CO-treated cells, demonstrating the ability
of CO to inhibit GSH biosynthesis in human breast cancer cells (Figure 2.8B-D).

Additionally, CO-treatment resulted in a decrease in NADPH/NADP" (Figure 2.8E).
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Figure 2.8. Effect(s) of CO, delivered by visible light activation of 120 puM
photoCORM, on the antioxidant capacity of human breast cancer cells. Effect of CO
treatment on intracellular, steady state levels of (A) cystathionine, (B) cysteine, (C) y-
Glu-Cys and (D) GSH in human breast cancer cells, measured by HPLC-MS. (E)
Intracellular ratios of (E) NADPH/NADP" and (F) GSH/GSSG in breast cancer cells
treated with CO. (G) Effect of CO treatment on intracellular ROS levels of human
breast cancer cells, determined by DCF fluorescence and analyzed by flow cytometry.
Data representative of n=3 independent experiments. (* p<0.05) Abbreviations:
carbon monoxide (CO), photoactivatable CO-releasing molecule (photoCORM), high
performance liquid chromatography-mass spectrometry (HPLC-MS), nicotinamide
adenine dinucleotide phosphate (NADPH), glutathione (GSH), reactive oxygen
species (ROS), 2°, 7°-dichlorofluorescein (DCF).

59



2.7. CO sensitizes human breast cancer to doxorubicin and paclitaxel

To explore this therapeutic potential of CO, we designed an experiment that involved
pre-treatment of MCF-7 cells with 120 uM photoCORM and light-triggered release
of CO, followed 30 min by treatment with doxorubicin. If the combination of CO and
doxorubicin were to induce greater cell death than the sum of either treatment alone,
this would be strong evidence that CO could sensitize human breast cancer cells to
chemotherapeutics. Assessment of apoptosis and cell viability 48 h post-treatment
revealed that together, CO and doxorubicin induced greater cell death than the sum of

either treatment alone, or control cells (Figure 2.9).
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Figure 2.9 Assessment of the ability of CO to sensitize human breast cancer cells to
Dox. (A) Representative plots of apoptosis assay by Annexin/propidium iodide
staining and flow cytometry analysis of MCF-7 cells treated for 24 h with CO,
delivered by 120 uM photoCORM 1, 1 uM Dox or both. (B) Graphical summary of
n=3 independent apoptosis assays. (C) Results of Tukey’s test for post-hoc analysis of
CO, Dox, and CO + Dox treatment of MCF-7 cells. (* p<0.05, ** p<0.01, ***

p<0.001) Abbreviations: carbon monoxide (CO), doxorubicin (Dox), photoactivatable
CO-releasing molecule (photoCORM).

Certain CORMs have been reported to exhibit significant cytotoxicity independent of
CO, highlighting the possible non-specific toxicities of transition metal-based
CORMs.”” However, control experiments, utilizing photo-inactivated photoCORM
(1ICORM) as a control for the non-CO molecular scaffolding, did not sensitize human
breast cancer cells to doxorubicin, indicating the specificity of CO as the

chemosensitizing agent for doxorubicin (Figure 2.10).
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Figure 2.10. Assessing any non-specific effects of the molecular scaffold of iCORM
on cell viability and drug sensitization to Dox in human breast cancer cells. (A) Live
cell count, by trypan blue exclusion, 48 h post-treatment of MCF-7 cells treated with
120 uM iCORM, 120 uM photoCORM and/or 1 puM Dox. (B) Results of Tukey’s test
for post-hoc analysis of MCF-7 cells treated with iCORM, photoCORM and/or Dox.
Data representative of n=3 independent experiments. (* p<0.05, ** p<0.01, ***
p<0.001). Abbreviations: inactivated carbon monoxide-releaasing molecule (iCORM),
photoactivatable carbon monoxide-releasing molecule (photoCORM), doxorubicin
(Dox).

While these findings demonstrated the ability of CO to sensitize human breast cancer
cells to doxorubicin, it was noted in peer review of the limited scope of such findings.
After all, the primary mechanism of action of doxorubicin is as a DNA interchelator,
with its ability to induce ROS generation a secondary mechanism of action.” If our
claims, that CO acted by attenuation of the antioxidant capacity of the cancer cell,
such drug sensitization by CO would also be observed with other chemotherapeutics.

We addressed this criticism by assessing the ability of CO to sensitize MCF-7 cells to

another chemotherapeutic, paclitaxel, and assessed cell viability 48 h post-treatment
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by trypan blue exclusion. In a similar manner, cells co-treated with CO and either
paclitaxel or doxorubicin exhibited significantly lower cell viability compared to

paclitaxel and doxorubicin treatments alone (Figure 2.11).
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Figure 2.11. Assessment of CO co-treatment to sensitize human breast cancer cells to
Dox and PTX. (A) Live cell count by trypan blue exclusion of MCF-7 cells treated
with CO, delivered by 120 pM photoCORM 1, 1 uM Dox or both, 48 h post-
treatment. (B) Results of Tukey’s test for post-hoc analysis of MCF-7 cells treated
with CO, Dox or both. (C) Live cell count by trypan blue exclusion of MCF-7 cells
treated with CO, 20 nM PTX or both, 48 h post-treatment. (D) Results of Tukey’s test
for post-hoc analysis of MCF-7 cells treated with CO, PTX or both. Data
representative of n=3 independent experiments. (* p<0.05, ** p<0.01, *** p<0.001).
Abbreviations: carbon monoxide (CO), doxorubicin (Dox), paclitaxel (PTX).

Control experiments utilizing iCORM also did not sensitize human breast cancer cells
to paclitaxel, indicating the specificity of CO as the chemosensitizing agent for

paclitaxel (Figure 2.12).
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Figure 2.12. Determining any non-specific effects of the molecular scaffold of
iCORM on cell viability and drug sensitization to PTX in human breast cancer cells.
(A) Live cell count, by trypan blue exclusion, 48 h post-treatment of MCF-7 cells
treated with 120 pM iCORM, 120 uM photoCORM and/or 1 uM PTX. (B) Results of
Tukey’s test for post-hoc analysis of MCF-7 cells treated with iCORM, photoCORM
and/or PTX. Data representative of n=3 independent experiments. (* p<0.05, **
p<0.01, *** p<0.001). Abbreviations: inactivated carbon monoxide-releaasing
molecule (iICORM), photoactivatable carbon monoxide-releasing molecule
(photoCORM), paclitaxel (PTX).

2.8 Discussion

The enhanced antioxidant capacity of breast cancer cells is a significant
feature in breast cancer therapy. Resistance to anti-cancer drugs remains a significant
impediment to successful chemotherapy in human breast cancer management.**>'>*

Numerous anti-cancer drugs elicit their tumor eliminating effects via the induction of

ROS in cancer cells.*”® Cancer cells, however, exhibit an increased antioxidant
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capacity by maintaining an elevated battery of antioxidant metabolites and enzymes,

3338 The intracellular

that ultimately imparts chemotherapeutic drug resistance.
antioxidant capacity is dependent on the contribution of redox couples, which are
pairs of reduced/oxidized species that can either donate or accept reducing
equivalents.””* GSH/GSSG is one of the most important redox couples in the cell, as
it is 500 to 1000-fold more abundant than other redox couples.'” NADPH, a
ubiquitous intracellular metabolite and product of the pentose phosphate pathway,
supplies reducing equivalents to GSSG to regenerate GSH. Hence, both the
GSH/GSSG and NADPH/NADP" ratios are used as indicators of the intracellular
antioxidative capacity and increased GSH/GSSG and NADPH/NADP" ratios have
been individually shown to be associated with chemotherapeutic resistance in human

39,41,42
breast cancer.””"

In human breast cancer, elevated GSH levels are a key marker for greater
invasiveness, chemotherapeutic resistance and poor patient outcomes.” In this
chapter, we established a clear connection between CBS and elevated GSH levels in
human breast cancer cells, this despite a truncated transsulfuration pathway."” In fact,
the truncation is significant enough to increase levels of CTH in human breast cancer
to the extant that it could be considered an oncometabolite, a biomarker specific to
breast cancer.'® H,S levels are significantly higher in human breast cancer cells as
well, which has previously been reported by Sen, et al. to impart cytoprotection to
reactive aldehydes and maintain organelle integrity.”” However, the relationship

between CBS and GSH, if any, had remained unclear until this study.
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In this study, the GSH/GSSG ratio and total GSH in human breast cancer cells
depended on CBS expression and activity in both estrogen receptor positive and
estrogen receptor negative breast cancer cells: MCF-7, MDA-MB-468, and Hs 578T
(Fig 2.3E, G). As GSH is the most abundant antioxidant cofactor in the cell,”>*
silencing CBS and the resulting decrease in the GSH/GSSG ratio was expected to be
accompanied increased intracellular ROS. Indeed, silencing of CBS increased ROS
levels in human breast cancer cells (Figure 2.3H). The GSH/GSSG ratio is mainly
dependent on the de novo synthesis of GSH, which in turn is dependent upon the

availability of cysteine.”'”’

Despite the lack of a direct link between CTH and
cysteine in human breast cancer cells, silencing of CBS led to depletion of internal
cysteine levels (Figure 2.3C). Cysteine is either synthesized inside the cell by the
transsulfuration pathway, which is truncated in human breast cancer, or uptaken by
specialized transporters, including the glutamate-cystine antiporter (xCT).* Since
human breast cancer cells are compromised in their ability to synthesize endogenous
cysteine,'” its uptake is likely the main source of cysteine. In support of this notion,
xCT is the main source of cysteine in human breast cancer cells.***® Our current
findings suggest that CBS positively regulated xCT activity. This is consistent with
previous findings that H,S, a metabolic product of CBS, enhances xCT activity.***’
In addition to the de novo synthesis of GSH, GSH can also be regenerated
from GSSG via reduction by NADPH.?' We observed that CBS silencing in human

breast cancer cells resulted in a significant decrease in the NADPH/NADP" ratio

versus scrambled controls (Figure 2.3F). One of the most important sources of
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NADPH production in the cell is the pentose phosphate pathway.> G6PD is the rate
limiting enzyme in this pathway, which produces NADPH. NADPH donates electrons
to GSSG to generate two GSH, a redox reaction catalyzed by the enzyme GSR.*!
G6PD, GSR and GCLC together are known to be regulated by Nrf2, the most
important regulator of antioxidant genes within the cell.** Our results indicated that
Nrf2 gene expression was directly correlated to CBS expression in human breast
cancer cells since CBS-silenced breast cancer cells had significantly lower Nrf2
mRNA expressions versus scrambled controls (Figure 2.4A). This observation is
consistent with previous studies that have shown H,S and Nrf2 to be positively
associated with each other.*” As CBS silencing resulted in decreased Nrf2
expression, one would expect CBS-silencing to correlate to down-regulation of those
genes regulated by Nrf2. Indeed, our data revealed that GCLC, G6PD and GSR gene
expression decreased upon silencing of CBS in human breast cancer cells with respect
to scrambled controls (Figure 2.4B-3D). These findings indicate that CBS is an
upstream regulator of Nrf2. Inhibition of CBS activity may be a promising
therapeutic target to, via Nrf2, inhibit GSH biosynthesis in human breast cancer.
Inhibition of GSH biosynthesis with BSO, an inhibitor of GCL, has had
notable failures in pre-clinical and clinical studies due to very poor pharmacokinetic
properties.”’ This failure has necessitated the search for alternative inhibitors and/or
targets. Towards that end, efforts have been made to determine the feasibility and
efficacy of inhibiting Nrf2 signaling. In addition to GSH biosynthesis, active Nrf2 is

known to positively regulate numerous cancer hallmarks, including metabolism,
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cancer stem cell characteristics, tumor aggressiveness, invasion, and metastasis
formation.”> Nrf2 may be an ideal therapeutic target for inhibiting GSH biosynthesis
and towards this end, natural product inhibitors of Nrf2 and genetic silencing of
Keapl and Nrf2 have been suggested as agents to increase cancer cell sensitivity to
chemotherapeutic drugs, though druggable members of the Nrf2 pathway have yet to
be identified.”” Findings in the present study indicate CBS may be a promising target
of the Nrf2 pathway that is also breast cancer-specific. However, systemic
administration of pharmacological inhibitors of CBS, non-specific PLP analogues, are
not ideal as CBS expression is high in other non-malignant tissues like the liver and
brain.'* Furthermore, the effect of Nrf2 activation is highly context-specific, where it
has been shown to promote positive or negative health outcomes in the management
of cancer.” This fact highlights the need for localized inhibition of CBS and the Nrf2
pathway, a challenge well suited to localized and controllable delivery of CO to a

therapeutic site.

Our data show that CO inhibited CBS in human breast cancer cells (Figure
2.8A) and decreased the antioxidant capacities in both estrogen receptor positive and
negative human breast cancer cells alike (Figure 2.8E, F). Our findings are consistent
with previous data that have shown CO to inhibit both isolated CBS™~* and CBS in
certain tissue types.”° CBS appears to be an ideal target for CO in the context of
breast cancer therapy in that it is overexpressed in cancer cells versus normal cells,'

and is responsive to CO-mediated inhibition (Figure 2.8).
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The antioxidant capacity of breast cancer cells is an important feature with
regard to cancer therapy, as numerous anticancer drugs and radiation therapies work
by increasing ROS in cancer cells.””’ For these therapies, high GSH levels, increased
GSH/GSSG ratios and increased antioxidant capacity are markers for

35,58 .
~® We have shown a clear connection

chemotherapeutic/radiation resistance.
between CBS activity and maintaining elevated GSH levels in breast cancer cells.
Inhibition of CBS by CO, delivered by photoCORM, could be an affective approach
towards decreasing therapeutic resistance of breast cancer cells. Herein we provide

strong preliminary evidence supporting this claim, as CO was able to sensitize human

breast cancer cells to both doxorubicin and paclitaxel (Figure 2,9, 2.11).

CO, in pharmacology, is a standard tool, used to reveal heme-enzyme involvement in
drug metabolism and other metabolic processes. In a similar manner, we have used
CO, delivered by photoCORM, to reveal the involvement of the heme-containing
enzyme CBS in the processes of cancer pathogenesis and therapeutic resistance.
Furthermore, we have revealed the possibility of CBS inhibition as a therapeutic
strategy and largely elucidated the mechanism by which inhibition of CBS would

improve the response of human breast cancer cells to doxorubicin and paclitaxel.
2.9 Materials and methods
Materials and reagents

photoCORM was synthesized by following the published procedure and analyzed to

confirm purity before application.”’ Protease inhibitor cocktail (P8340), puromycin
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(P8833), and all other chemicals were purchased from Sigma-Aldrich (St. Louis,
MO) unless stated otherwise. The primary antibodies namely, anti-CBS (sc-133208)
and anti-GAPDH (sc-47724) were procured from Santa Cruz Biotechnology (Santa

Cruz, CA).
Cell culture and treatments

MCF-7, MDA-MB-468, Hs 578T and MCF-10A were obtained from American Type
Culture Collection (Manassas, VA). MDA-MB-468 and Hs 578T cells were grown in
Ix DMEM supplemented with 10 mM HEPES buffer, 1x antibiotic-antimycotic and
10% fetal bovine serum (FBS). MCF-7 cells were grown in 1x DMEM supplemented
with 1 pg/mL insulin, ImM sodium pyruvate, 1x antibiotic-antimycotic and 10% FBS.
MCF-10A cells were grown in 50/50 DMEM/F12 supplemented with 20 ng/mL
epidermal growth factor, 0.5 mg/mL hydrocortisone, 100 ng/mL cholera toxin, 10
pug/mL insulin, 1x Pen/Strep and 5% horse serum. Cells were passaged no more than
10 times post-procurement from the supplier, and their genetic characteristics were
tested regularly. Additionally, the absence of mycoplasma was determined regularly
with a MycoAlert mycoplasma detection kit (LT07-318) from Lonza (Basel,
Switzerland). All treatments, including exogenous addition of 100 puM CTH and 40
uM GYY 4137, concentrations similar to those used in previous studies”®, were

performed under serum-free conditions unless otherwise noted.

Generation of stable cell lines
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Stable cell lines, silenced for CBS were generated for MCF-7, MDA-MB-468 and
Hs578T human breast cancer cells with short hairpin RNA (shRNA) using lentiviral
particles obtained from Santa Cruz Biotechnology (Santa Cruz, CA). CBS-silenced
cell lines were transfected with lentiviral particles containing three to five lentiviral
plasmids, each encoding for a 19-25 nucleotide shRNA complimentary to CBS
mRNA (sc-60335-V) to knockdown CBS gene expression. Stable, control cell lines
were transfected with lentiviral particles containing a plasmid encoding for a
scrambled shRNA sequence (sc-108080) that does not lead to the specific degradation
of any specific mRNA. Cells were selected with 1 pg/mL puromycin until resistant
colonies were identified and propagated. MCF-7, MDA-MB- 468 and Hs 578T cells
that survived puromycin selection after transfection with shRNA were annotated as
MCF-7(scram)/MCF-7(shCBS), MDA-MB-468(scram)/MDA-MB-468(shCBS) and
Hs 578T(scram)/Hs 578 T(shCBS) for scrambled controls and CBS-silenced cells,

respectively.

Measurement of metabolites via high pressure, liquid chromatography-mass

Spectrometry

GSH, GSSG, y-Glu-Cys, cysteine and CTH were quantified via high pressure, liquid
chromatography-mass spectrometry (HPLC-MS) as described.”® 5x10° cells were
lysed via three freeze/thaw cycles in 200 pL. of 10 mM N-ethylmaleimide (NEM) +
10 mM ammonium acetate, pH 7.4. After lysis, methanol (800 pL) was added and the

samples were vortexed. Following centrifugation (16,000 x g, 5 min) of samples,
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supernatants were transferred to micocentrifuge tubes and dried by vacuum
centrifugation. 100 pL methanol was added to the dried samples and then dried under
a stream of nitrogen. Benzene (100 pL) was added and the samples were dried under
a stream of nitrogen. Next, each sample was treated with 100 pL of 3N methanolic
HCI for 60 min, 60°C. Then, the samples were dried under a nitrogen stream. All
samples were finally dissolved in 100 pL H>O and centrifuged at 16,000 x g for 5 min.
The supernatants were transferred to liquid chromatography (LC) injector vials. 8 puL
aliquots of the solutions were injected onto a Kinetex XB-C18, 100 x 2.1 mm, 1.7-um
particle size, 100A pore diameter, reverse phase column from Phenomenex (Torrance,
CA). The column was equilibrated with 85% 0.1 mM perfluorooctanoic acid in water
(eulant A) and 15% 0.1 mM perfluorooctanoic acid in acetonitrile (eluant B) and
eluted at 100 pL/min with increasing concentration of eluant B (min/% B: 0/15, 5/15,
35/50, 33/ 15, 45/15). The eluant was directed to an Agilent Jet Stream electrospray
ionization (ESI) source connected to a triple quadrupole mass spectrometer (Agilent
6460) operating in the positive ion tandem mass spectrometric multiple reaction-
monitoring (MRM) mode. The intensities of the CTH parent to fragment transition
(4612318, rt 27.88 min), cysteine-NEM conjugate (2612244, rt 24.06 min), GSH-
NEM conjugate (4612318, rt 26.06 min), GSSG (669->383, rt 28.18 min) and y-
Glu-Cys-NEM conjugate (404->244, rt 26.59 min) parent to fragment transitions
were recorded using previously optimized settings. With each independent
experiment, standards were prepared containing known concentrations of CTH (0, 20,

40, 40, 80, 160 pmol), cysteine (0, 10, 20, 40, 80 pmol), GSH (0,100, 200, 400, 800
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pmol), GSSG (0, 25, 50, 100, 200 pmol) and y-Glu-Cys (0, 100, 200, 400, 800 pmol).
The peak areas of the standards of CTH, cysteine, GSH, GSSG and y-Glu-Cys were
used to construct calibration curves. The amount of CTH, cysteine, GSH, GSSG and

v-Glu-Cys in each biological sample was calculated by interpolation from the curves.
Detection of Reactive Oxygen Species

Relative, intracellular reactive oxygen species (ROS) was determined with 2°,7'-
dichlorodihydrofluorescein diacetate (hereafter: DCFDA). Cells were treated with
50 uM DCFDA for 30 min at 37 °C. Cells were washed twice with phosphate-
buffered saline (PBS) + 0.5% FBS, then analyzed by flow cytometry using a C6 Flow
Cytometer and CFlow software from Becton Dickinson Biosciences (Franklin Lakes,

NJ).
NADPH/NADP" Assay

Intracellular nucleotides NADPH and NADP® were measured using the
NADP/NADPH Assay Kit (ab65349), which was procured from Abcam (Cambridge,

MA).
RNA purification and reverse transcriptase-qualitative PCR

Total RNA was extracted using the Rneasy Mini Kit (#74106) obtained from Qiagen
(Valencia, CA). RNA concentrations were measured using a NanoDrop 2000 ¢
spectrophotometer (Nanodrop: Wilmintgon, DE). First strand cDNA synthesis was

performed using the iScript cDNA synthesis kit from Bio-Rad (Hercules, CA).
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Relative levels of mRNA were assayed for the following genes: B-actin, nuclear
factor erythroid 2-related factor 2 (Nrf2), glucose 6-phosphate dehydrogenase
(G6PD), the catalytic subunit of y-glutamylcysteine synthetase (GCLC) and
glutathione reductase (GSR). The primer sequences used were as follows: B-Actin
(forward: 5-ATTGGCAATGAGCGGTTC-3', reverse: 5'-
GGATGCCACAGGACTCCAT-3"), Nrf2 (forward: 5'-
GAGAGCCCAGTCTTCATTGC-3', reverse: 5'-TGCTCAATGTCCTGTTGCAT-3"),
G6PD (forward: 5'-ATCGACCACTACCTGGGCAA-3', reverse: 5'-
TTCTGCATCACGTCCCGGA-3'), CGLC (forward: 5'-
AGTTCAATACAGTTGAGG-3', reverse: 5'-TACTGATCCTATAGTTAT-3") and
GSR  (forward: 5-TTGGTAACTGCGTGATACATCGGG-3°, reverse: 5'-
AACATCCCAACT GTGGTCTTCAGC-3’). Qualitative PCR (qPCR) was
performed on the ABI (Applied Biosystems) 7900 HT Thermal cycler in standard
mode using SYBR Green (Life Technologies: Carlsbad, CA) for 40 cycles. Each
reaction was run in triplicate in three independent experiments. Relative mRNA

AACt
2C

expression values were calculated using the method.

Overexpression of CBS

Human CBS overexpression plasmids (Ad-h-CBS, # ADV-204180) and the
corresponding control plasmids (Ad-CMV-null, # 1300), packaged in adenovirus,
were obtained from Vector Biolabs (Malvern, PA). Briefly, MCF-10A cells were

seeded into 100 mm dishes and grown to ~95% confluency and then infected with the
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CBS overexpression or control viral stocks of 10°-10° PFU/mL. After 24 h, the cells
were washed, fresh medium was added, and the cells were used for subsequent
experiments including HPLC-MS, NADP'/NADPH assaying and western blot

analysis.
Western blot analysis

Whole cell lysates were prepared from cells after various treatments in lysis buffer
containing 50 mM Hepes (pH 7.5), 1 mM DTT, 150 mM NaCl, 1 mM EDTA, 0.1%
Tween 20, 10% glycerol, 10 mM B-glycerophosphate, 1 mM NaF, 0.1 mM
orthovanadate, 10 mg/mL leupeptin, 10 mg/mL aprotinin, and 0.1 mM
phenylmethylsulfonyl fluoride (PMSF). The soluble cell lysate protein concentrations
were quantified by Bradford assay. 20 ug cell lysate from each sample was separated
on a 10% SDS-PAGE gel and transferred to polyvinylidene difluoride (PVDF)
membranes. Membrane blocking was done with 5% nonfat dried milk and incubated
overnight at 4°C. Primary (1:1000 dilution) and horse radish peroxidase (HRP)-
conjugated secondary (1:10,000 dilution) antibody incubations were done at 4°C
overnight and 1 h at room temperature, respectively. Immunofluorescent signals were
detected using Pierce™ ECL Plus Western Blotting Substrate (#32132) from

ThermoFisher Scientific (Waltham, MA).
Light-activated photoCORM treatment

Cell were treated with 120 uM photoCORM in serum-free conditions as previously

described. 10° cells were placed in 100 mm tissue culture dishes and allowed to
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seed overnight. The next day, cells were treated with 120 uM photoCORM in the
dark. For experimental (i.e. CO-treated) samples, cells were exposed to visible light
for 30 min at room temperature, then allowed to incubate at 37°C + 5% CO, for 1 h.
Next, the media was aspirated, and the cells were washed three times with 1x PBS,
followed by the addition of serum-containing media. The cells were then allowed to
incubate at 37°C + 5% CO; for 6 h and finally assayed for GSH and GSH metabolites
by HPLC-MS and ROS by DCFDA fluorescence. For control samples, cells were

handled exactly the same as experimental samples, but not exposed to light.

Doxorubicin and photoCORM treatments

For assaying the chemosensitizing effects of CO, cells were pre-treated with 120 uM
photoCORM as mentioned above with the exception of the addition of serum-free
media after CO-treatment. Following this, either 1 uM doxorubicin or vehicle control
(dimethyl sulfoxide, DMSO) was added to respective tissue culture dishes. Cells were
allowed to incubate at 37°C + 5% CO, for 24 h, after which cells were assayed for

viability and apoptosis.

Cell viability assay

A Vi-Cell XR cell viability analyzer from Beckman Coulter (Brea, CA) was used to
determine cell viability by the trypan blue exclusion method. The number of viable
cells, 24 hours post-treatment, was determined in triplicate. Data represents mean =+

SEM of three independent experiments.
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Detection of apoptosis

Apoptosis/necrosis of doxorubicin and photoCORM-treated cells was determined
with a FITC Annexin V Apoptosis Detection Kit I, containing Annexin V-FITC and
propodium iodide (BD Pharmingen, #556570). After doxorubicin/photoCORM
treatment, cells were harvested and counted. 10° cell aliquots were washed twice with
cold, 1x PBS and re-suspended in 100 pL of 1x Annexin V Binding Buffer. The cells
were transferred to 5-mL culture tubes and stained with 5 pL. Annexin V-FITC and 5
uL of propidium iodide. Cells were incubated for 15 min at room temperature in the
dark, then 400 pL of 1x Annexin V Binding Buffer was added to the samples and the
cells were analyzed with a BD FACScan™ flow cytometer from Becton Dickinson

Biosciences. Data were acquired and analyzed using BD CellQuest™ software.
Statistical analysis

Data are presented as means +/- SEM. Statistical comparison between two groups
was performed using a Student's t-test. Statistical comparisons between more than
two groups were performed using ANOVA with post-hoc Tukey’s test. P values less

than 0.05 were considered statistically significant (*p<0.05).
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ABSTRACT: Drug resistance is a major impediment to
effective treatment of breast cancer. Compared to normal cells,
cancer cells have an increased antioxidant potential due to an
increased ratio of reduced to oxidized glutathione (GSH/
GSSG). This is known to confer therapeutic resistance. Here,
we have identified a mechanism, unique to breast cancer cells,
whereby cystathionine f-synthase (CBS) promotes elevated
GSH/GSSG. Lentiviral silencing of CBS in human breast
cancer cells attenuated GSH/GSSG, total GSH, nuclear factor
erythroid 2-related factor 2 (Nrf2), and processes downstream
of Nrf2 that promote GSH synthesis and regeneration of GSH
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from GSSG. Carbon monoxide (CO) reduced GSH/GSSG in three breast cancer cell lines by inhibiting CBS. Furthermore, CO
sensitized breast cancer cells to doxorubicin. These results provide insight into mechanism(s) by which CBS increases the
antioxidant potential and the ability for CO to inhibit CBS activity to alter redox homeostasis in breast cancer, increasing

sensitivity to a chemotherapeutic.

B INTRODUCTION

The transulfuration pathway (TSP) is a metabolic pathway that
is active in liver, kidney, and brain tissues, converting
endogenous homocysteine to cysteine with the intermediate
formation of cystathionine (CTH) and hydrogen sulfide
(H S) 12 The pathway comprises two successive steps: (1)
homocysteine + serine/cysteine — CTH + H,0/H,S
(catalyzed by cystathionine f-synthase, CBS) and (i) CTH +
H,0— cysteine + a-ketobutyrate + NH; (catalyzed by
cystathionine y-lyase, CGL) (Figure 1A). Cysteine, produced
in step (ii), can be utilized by y-glutamylcysteine synthetase to
produce y-glutamylcysteine (y-Glu-Cys), which is subsequently
combined with glycine by glutathione synthase to form
glutathione (GSH)."” Cysteine can also be imported from
the extracellular environment via transporters, including the
cystine/glutamate antiporter (xCT).> Nonetheless, the TSP is a
significant source of cysteine for GSH synthesis, especially
under conditions of increased oxidative stress."” During
oxidative stress, GSH can cycle between the thiol-reduced
and disulfide-oxidized (GSSG) forms, reducing cellular oxidants
in the process." GSSG is reduced back to GSH by utilizing
electrons from nicotinamide adenosine dinucleotide phosphate
(NADPH), a coupled oxidation—reduction that is catalyzed by

A -4 ACS Publications — © 2017 American Chemical Society

glutathione reductase (GSR).* Of the known cellular redox
couples, GSH/GSSG is the most abundant and ubiquitous.’\
GSH is essential for cell survival and for maintaining redox
homeostasis.” Therefore, the GSH/GSSG ratio is frequently
used as a surrogate measure of intracellular antioxidant capacity
and overall cellular redox homeostasis.*™®

We have previously reported that the TSP appears to be
absent in normal breast tissues: they express neither CBS nor
CGL at significant levels’ (compare panels A and B in Figure
1). In contrast, human breast cancer (HBC) tissues, which
possess a significantly increased ROS level compared to normal
breast tissues, exhibit a truncated form of the TSP: HBC tissues
overexpress CBS, the enzyme that catalyzes the condensation of
homocysteine and cysteine to form CTH + H,S, but they lack
the expression of CGL (compare panels A and C in Figure
1).”* Consequently, CTH, synthesized by CBS in the truncated
TSP in HBC, does not get metabolized into cysteine. Thus, the
truncated TSP lacks a direct link to the formation of GSH.
Despite this, we now report here that the ratio of GSH/GSSG
in HBC cells is significantly dependent on the presence of CBS,

Received:  April 3, 2017
Published: September 6, 2017

8000 DOI: 10.1021/acs jmedchem.7b00476

J. Med. Chem. 2017, 60, 8000-8010

86



Journal of Medicinal Chemistry

A

Methionine mpONA

Methylatio

Homoc; s(eme
teine

slsznmz + H,SIHZO]

Cys&eme

+Serine /C,

p—-§

uopeINjNSURLY [EOIUOUED

GSH ‘GSSG
Liver, Kidney & Brain

DNA
Methylation

Homocysteine

X

Normal Breast Tissue

c
Methionine =/

+Cysteine

HYPOTHESIS =t

Breast
Tumor

Homocysteine

Cystathionine+ H,S

[oen Jew{osse]

CBS

Kemuped
uoEININSURIY PoIROUNIL

LUpregulales

Figure 1. TSP as it exists in various tissues. (A) Canonical TSP in normal tissues such as the liver, kidney, and brain. (B) Absent TSP in normal

breast tissue. (C) Truncated TSP in human breast tumor tissues, which

is distinct from that in normal breast tissues.

and we have investigated possible mechanism(s) by which CBS
regulates redox homeostasis.

Carbon monoxide (CO) inhibits the activity of isolated and
purified CBS with a K; of 5.6 uM.”"" Endogenous CO has been
shown to inhibit CBS in lymphocytes, colon, kidney, and
mouse liver/brain.'""'> Recent research in this laboratory has
established that CO photoreleased from designed photoactive
CO-releasing molecules (photoCROM:s) leads to dose-depend-
ent eradication of cultured human breast, colon, and cervical
cancer cells."*™"® However, the therapeutic implications of the
inhibition of CBS by appropriate photoCORMs as the CO
donor in the context of HBC has not been investigated. In
breast cancer therapy and management, overcomm& chemo-
therapeutic drug resistance is a major chnllenge ; One of
the main mechanism(s) by which chemotherapeutics eliminate
cancer cells is by the enhancement of endogenous ROS.*** In
this regard, it is also known that the increased antioxidative
potential of cancer cells, specifically GSH concentrations, plays
a major role in the manifestation of drug resistance.”"** In this
article, we show that light-induced CO release, utilizing
[Mn(CO);(phen)(PTA)]CF;SO; (abbreviated [Mn(CO);]
hereafter) as the photoCORM (Scheme 1), can perturb the
redox homeostasis of breast cancer cells via the inhibition of
endogenous CBS. The complete control of CO delivery through
exposure to visible light is the principal reason for the choice of
[Mn(CO);] as the CO donor in this study. We further

Scheme 1. [Mn(CO);(phen)(PTA)]CF;S0,"

.
P
N N
U
”\/
//\
\| co

“Phen is 1,10-phenanthroline, PTA is 1,3,5-triaza-7-phosphaadaman-
tane, and CF,SO; is trifluoromethylsulfonate. Protons and CF,;SO,
counterion have been omitted for clarity.

8001

demonstrate that CO-mediated inhibition of CBS in breast
cancer cells increases their chemosensitivity.

B RESULTS

Lentiviral-Mediated Silencing of CBS Decreases the
GSH/GSSG Ratio and Attenuates GSH Biosynthesis and
Regeneration in Human Breast Cancer Cells. We first
assessed the dependency of the GSH/GSSG ratio in HBC cells
on the presence of CBS. Stable, lentiviral-mediated silencing of
CBS in human breast cancer cell lines MCF-7, MDA-MB-468,
and Hs $78T resulted in a ~2-fold decrease in their GSH/
GSSG ratios versus scrambled controls (Figure 2A). A decrease
in the ratio of GSH/GSSG is indicative of increased oxidative
stress.® To this end, we observed that a decrease in the GSH/
GSSG ratio upon the silencing of CBS was associated with a
significant increase in the steady-state levels of ROS, evidenced
by an increase in DCFDA fluorescence (Figure 2B). The de
novo synthesis of GSH is an important determinant of the
GSH/GSSG ratio."* Therefore, we looked at the total amount
of intracellular GSH in CBS-silenced HBC cells versus those
transfected with lentiviral controls. Total GSH (GSH + 2 X
GSSG) was significantly lower in MCF7shCBS, 468shCBS, and
Hs shCBS versus MCF7scam, 468scram, and Hs scram,
respectively (Figure 2C). We next investigated the processes
involved in GSH synthesis, including the rate-limiting step of
GSH synthesis: the ATP-dependent condensation of glutamate
and cysteine, catalyzed by y-glutamylcysteine synthetase® to
form y-Glu-Cys. In this regard, we observed that silencing CBS
led to a significant decrease in the intracellular levels of y-Glu-
Cys (Figure 2D).

Furthermore, silencing CBS was also associated with a
decrease in the steady-state levels of endogenous cysteine
(Figure 2E), the rate-limiting substrate in the synthesis of
GSH.*® GSH cycles between its thiol-reduced state and the
disulfide-oxidized form (GSSG), reducing cellular oxidants in
this process.”’” GSSG is restored back to GSH by utilizing
electrons from NADPH, which concomitantly is converted to
NADP**” Toward this, we observed that silencing of CBS in
HBC cells also resulted in a decrease in the intracellular ratio of
NADPH/NADP" (Figure 2F).

DOL: 101021 /acs.jmedchem.7b00476
J. Med. Chem. 2017, 60, 8000-8010
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Figure 2. CBS silencing leads to a decrease in the GSH/GSSG ratio in a panel of breast cancer cell lines. (A) GSH/GSSG ratios in human breast
cancer cells transfected with shRNA against CBS (shCBS) versus respective controls transfected with random, scrambled shRNA (scram). GSH and
GSSG were assayed by HPLC-MS. (B) Intracellular ROS levels, as detected by DCFDA fluorescence, in CBS-silenced cells versus scrambled
controls. (C—E) Effect of CBS silencing in HBC cells on the steady-state levels of total GSH, 7-Glu-Cys, and cysteine, as measured by HPLC-MS.
(F) NADPH/NADP" ratio in HBC cell lines upon silencing CBS versus respective scrambled controls. Data are representative of n = 3 independent

experiments (*p < 0.05).

Silencing CBS Expression in Human Breast Cancer
Cells Results in a Decrease in Nrf2 and Downstream
Antioxidant mRNA Gene Expression. To further elucidate
the underlying mechanism(s) by which CBS controls the GSH/
GSSG ratio in HBC, we investigated whether CBS regulated
Nrf2, the master regulator of antioxidant genes.” Among these
antioxidant genes are included those involved in GSH synthesis
and the regeneration of reduced GSH from GSSG.*”** RT-
qPCR experiments revealed that silencing CBS in human breast
cancer cells significantly reduced Nrf2 mRNA expression
compared to scrambled controls (Figure 3A). We also observed
that silencing CBS decreased mRNA expression levels of
GCLC (21.8-fold), G6PD (>2.2-fold), and GSR (=14 fold)
(Figure 3B—D). These genes are involved in GSH synthesis
(GCLC) and GSH regeneration (G6PD and GSR).”

Addition of H,S and CTH, Metabolic Products of CBS
Enzymatic Activity, Partially Reverses Some of the
Effects of CBS Silencing in HBC Cells. We assessed whether
H,S and CTH, the products of CBS catalytic activity, could
reverse some of the effects of CBS silencing in HBC cells. We
exogenously added GYY 4137 (a slow releaser of H,S) and
CTH to MCF7shCBS cells and observed a significant
attenuation in the decrease of the GSH/GSSG ratio (Figure
4A). This attenuation in the GSH/GSSG ratio was correlated
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with a decrease in ROS levels, as evidenced by DCFDA
fluorescence (Figure 4B). We also observed an increase of total
intracellular GSH in MCF7shCBS cells upon addition of CTH
and H,S to levels nearly as high as those in MCF7scram cells
(Figure 4C). Additionally, exogenous addition of CTH and
H,S to MCF7shCBS cells resulted in attenuation of the
decrease in Nrf2 mRNA expression and some of its associated
downstream genes: GCLC, G6PD, and GSR (Figure 4D). In
addition, we also observed attenuation of the decrease in the
NADPH/NADP" ratio (Figure 4E).

Overexpression of CBS in a Normal Breast Cell Line,
MCF-10A, Results in an Increase in the GSH/GSSG Ratio.
We further confirmed the CBS-mediated upregulation of GSH/
GSSG in normal breast cells, which do not normally express
significant levels of CBS.” We used an adenoviral system to
establish cell lines of MCF-10A that transiently overexpressed
either the CBS gene (10AoxCBS) or GFP as a control
(oxNull). SDS-PAGE and western analysis of whole cell lysates
confirmed the overexpression of CBS in 10AoxCBS versus
10AoxNull cells. To confirm the bioactivity of the overex-
pressed CBS, we measured intracellular CTH levels with the aid
of HPLC-MS. 10AoxCBS cells exhibited ~40-fold more
intracellular CTH versus 10AoxNull (Figure SA). After
validating both the overexpression and increased activity of
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Figure 3. Silencing CBS in human breast cancer cells decreases mRNA
expression of genes that promote GSH biosynthesis and regeneration.
(A—-D) Reverse transcriptase-quantitative PCR of Nrf2, G6PD,
GCLC, and GSR mRNA of three HBC cell lines transfected with
shRNA against CBS (shCBS) versus each cell line’s respective controls
transfected with random, scrambled shRNA (scram). Data are
representative of at least n = 3 experiments (*p < 0.05).

CBS, we measured the GSH/GSSG ratio by HPLC-MS. We
observed that overexpression of CBS indeed increased the
GSH/GSSG ratio in 10AoxCBS versus 10AoxNull cells (Figurc
SB). To confirm whether CBS was regulating either the
biosynthesis of GSH and/or its regeneration from GSSG, we
measured steady-state levels of total GSH and some of its
precursor metabolites. Overexpression of CBS in normal breast
cells resulted in significant increases in steady-state levels of
total GSH, y-Glu-Cys, and cysteine (Figure SC—E). These
results firmly established a role for CBS in promoting the
biosynthesis of GSH. Lastly, we wanted to validate whether
CBS overexpression promoted the regeneration of GSH from
GSSG, having previously observed that CBS silencing inhibited
some of these processes. Our data did reveal that 10AoxCBS
cells exhibited a significantly higher NADPH/NADP" ratio
versus 10AoxNull cells (Figure SF).

Exogenous CO Inhibits Bioactivity of CBS and
Reduces Antioxidant Capacity of Breast Cancer Cells.
Having shown a role for CBS in maintaining increased
antioxidant capacity in HBC cells, we hypothesized that CO
could inhibit CBS and perturb redox homeostasis. Using an
appropnate photoCORM as a CO-delivery system previously
described,"” we treated cells with extracellular CO and
monitored its effects on CBS bioactivity and subsequent effects
on the GSH/GSSG ratio and redox state of the cell. First, we
wanted confirm that CO could inhibit CBS bioactivity in breast
cancer cells. In three breast cancer cell lines (MCE-7, MDA-
MB-468, and Hs 578T) we did observe a significant decrease in
steady-state levels of intracellular CTH (Figure 6A). These data
validated our hypothesis that exogenous CO could inhibit CBS
bioactivity. Next, we wanted to confirm that the inhibition of
CBS by CO would reduce the GSH/GSSG ratio in HBC. In a
similar manner to the effects of CBS silencing we previously
observed, CO treatments resulted in significant decreases in the
GSH/GSSG ratio in breast cancer cells (Figure 6B). This was
also associated with increased ROS levels compared to control
treatments (Figure 6C). To briefly confirm the mechanism of
the decrease in antioxidant capacity by CO in breast cancer
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cells, we measured steady-state levels of total GSH, y-Glu-Cys,
and cysteine, and we found that CO-treated cells contained
significantly lower levels of total GSH, y-Glu-Cys, and cysteine
when compared to their respective controls (Figure 6D—F).

CO Increases the Sensitivity of Breast Cancer Cells to
DOX. An increased antioxidant capacity and an enhanced
GSH/GSSG ratio protect cancer cells from apoptosis.”
Furthermore, increased intracellular GSH and other antiox-
idants are critical toward promoting drug resistance against
therapeutics that induce ROS in cancer cells.” Our data so far
suggest that CBS maintains the antioxidative capacity in HBC
cells. We next hypothesized that CO, an inhibitor of CBS, could
downregulate the antioxidant capacity of HBC cells and
therefore increase their sensitivity toward a chemotherapeutic
drug.

The anthracyclin DOX is a chemotherapeutic drug that is
cytotoxic via the generation of extremely high ROS levels.”
Viable cell counts, as determined by trypan blue exclusion,
revealed that cells exposed to both [Mn(CO);] and DOX
exhibited significantly lower cell viability than those cells
treated with DOX alone (Figure 7A). To confirm that the
lowered cell viability in DOX + [Mn(CO),] treated cells was
indeed due to increased apoptosis, we performed flow
cytometry to quantify Annexin V-FITC/PI double stained
cells. Our data revealed that MCF-7 HBC cells, treated with
both [Mn(CO);] and DOX, exhibited an ~37% increase in
apoptosis versus those treated with DOX alone (Figure 7B,C).
In order to check whether the increased ROS level contributes
to heightening the sensitivity to DOX, we attenuated the levels
of ROS in MCE-7 cells with the aid of PEG-CAT (mixture of
poly(ethylene glycol) and catalase) and examined the extent of
cell viability. In such experiments, the cell viability was
significantly increased, indicating that in the presence of
PEG-CAT, the combined ability of DOX + [Mn(CO);] t
lower cell viability is significantly reduced (Supporting
Information, Figure S1). This observation confirms that by
interfering with the generation of ROS one can reduce the
sensitization effect of [Mn(CO),] toward DOX in cancer cells.
The observation also provides strong support to our hypothesis
that the interaction of CO with CBS and the resulting increase
in ROS are indeed the reason for the sensitization effects of the
CO donor toward DOX.

W DISCUSSION

Resistance to anticancer drugs remains a significant 1mped1ment
to successful chemotherapy in HBC management.'” ™
Numerous anticancer drugs elicit their tumor eliminating
effects via the induction of ROS in cancer cells.””**** Cancer
cells, however, exhibit an increased antioxidative potential by
maintaining an elevated battery of antioxidant metabolites and
enzymes, which ultimately imparts chemotherapeutic drug
resistance.””*"**** The intracellular antioxidant capacity is
dependent on the contribution of redox couples, which are
pairs of reduced/oxidized species that can either donate or
accept reducing equivalents.”® GSH/GSSG is one of the most
important redox couples in the cell, as it is S00—1000- fold more
abundant than other redox couples.”” NADPH, a ubiquitous
intracellular metabolite and product of the pentose phosphate
pathway, supplies reducing equivalents to GSSG to regenerate
GSH. Hence, both the GSH/GSSG and NADPH/NADP*
ratios are used as indicators of the intracellular antioxidative
capacity, and increased GSH/GSSG and NADPH/NADP*

DOI: 10.1021/acs.jmedchem 7600476
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Figure 4. Exogenous addition of CTH and H,S partially reverses some of the effects of CBS silencing in human breast cancer cells. CTH (100 zM)
and GYY 4137 (40 uM) were added exogenously to serum-free media and allowed to incubate for 24 h. MCF7scram and MCF7shCBS cell lines
were assayed alongside CTH/H,S-treated MCF7shCBS cells for comparison purposes. (A) GSH/GSSG ratio in MCF7shCBS cells upon addition of
CTH and H,S. (B) Effect of exogenous addition of CTH and H,S on intracellular ROS as measured by DCFDA fluorescence. (C) Total intracellular
GSH in MCF7shCBS upon addition of CTH and H,S. (D) Reverse transcriptase-quantitative PCR of Nrf2, G6PD, GCLC, and GSR mRNA. (E)
Effect of extracellular treatment of MCF7shCBS with CTH and H,S on the intracellular NADPH/NADP" ratio. Data are representative of n = 3

independent experiments (*p < 0.05).

ratios have been individually shown to be associated with
chemotherapeutic resistance in HBC.***”

It is known that lowering the antioxidative capacity of cancer
cells increases cellular sensitivity to chemotherapeutics.”"*®
Therefore, this also allows for the use of decreased doses of
chemotoxic drugs, thereby lowering detrimental side ef-
fects.'”™>' However, drugs that would compromise the
antioxidative capacities in cancer cells will do so in the
surrounding normal cells as well, causing an increase in the
incidences of adverse side effects.””*” The reason for this is that
these drugs will target antioxidative mechanism(s) that are
common to both normal and cancer cells. Therefore, there is an
unmet need to identify cancer-specific antioxidative pathways
that could then be therapeutically targeted to increase the
sensitivity of only cancer cells to relevant chemotherapeutics.

Along this line, the results of this investigation reveal that
CBS, previously reported to be specifically expressed in HBC
tissues and not in normal breast tissues,” positively regulates the
GSH/GSSG ratio in HBC cells. HBC exhibits a truncated
version of the TSP, in which CBS catalyzes the conversion of
homocysteine to CTH, but CTH is not converted into cysteine
due to the absence of CGL (the enzyme that converts CTH
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into cysteine).” Despite such absence, our data strongly indicate
that the GSH/GSSG ratio and GSH biosynthesis in HBC cells
depend on CBS in both estrogen receptor positive and estrogen
receptor negative breast cancer cells: MCF-7, MDA-MB-468,
and Hs S78T (Figure 2A). As GSH is the most abundant
antioxidant cofactor in the cell, > silencing CBS and the
resulting decrease in the GSH/GSSG ratio is expected to be
accompanied by a increase in ROS. Indeed, we observed that
silencing CBS resulted in an increase in ROS levels in at least
three HBC cell lines (Figure 2B). The GSH/GSSG ratio in
HBC cells is mainly dependent on the biosynthesis of GSH'
from its constitutive amino acids glutamate, cysteine, and
glycine.*** The rate-limiting step in GSH synthesis is the
formation of y-Glu-Cys from cysteine and glutamate, catalyzed
by the enzyme CGL.** Upon silencing CBS, we observed a
decrease in steady-state levels of both GSH and y-Glu-Cys in
HBC cells (Figure 2C,D).

With regards to the synthesis of y-Glu-Cys, the rate-limiting
step of GSH synthesis, the intracellular availability of cysteine is
critical, as it is the rate-limiting substrate.” Our data indicate
that silencing CBS results in a decrease in steady-state levels of
intracellular cysteine. This is an interesting observation because

DOI: 10.1021/acs.jmedchem 7600476
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Figure S. Overexpression of CBS in normal breast cell line MCF-10A
increases the GSH/GSSG ratio. An adenoviral transduction system
was used to establish a normal breast cell line that transiently
overexpressed CBS enzyme (10A0xCBS). MCF-10A cells transduced
with adenoviral particles containing the open reading frame for GFP
were used as a transduction control (10AoxNull). Measurement of
GSH metabolites was assayed by HPLC-MS. (A) Intracellular CTH
levels in MCE-10A cells transiently overexpressing CBS (10AoxCBS)
versus GFP control (10AoxNulll). (B) GSH/GSSG ratio in
10A0xCBS versus 10AoxNull control cells. (C—E) Effect of transient
overexpression of CBS in MCF-10A cells on intracellular GSH, y-Glu-
Cys, and cysteine levels, as measured by HPLC-MS. (F) NADPH/
NADP" ratio upon overexpression of CBS in MCF-10A cells versus
adenoviral control. Data are representative of n = 3 independent
experiments (*p < 0.0S).

despite the lack of a direct link between CTH and cysteine in
HBC cells, silencing CBS led to depletion of internal cysteine
levels (Figure 2E). Cysteine is either synthesized inside the cell
by the TSP or taken up by specialized transporters, including
xCT.” Since HBC cells are compromised in their ability to
synthesize endogenous cysteine (Figure 1C), its uptake is the
main source of cysteine. Toward this, it is known that xCT is
the main source of cysteine in HBC cells.""™"* Our current
findings suggest that CBS positively regulates xCT activity. This
is consistent with previous findings that H,S, a metabolic
product of CBS, enhances xCT activity.***

In addition to the de novo synthesis of GSH, GSH can also be
regenerated from GSSG via reduction by NADPH.! In the
present study, we observed that CBS silencing in HBC cells
results in a significant decrease in the NADPH/NADP" ratio
versus scrambled controls (Figure 2F). One of the most
important sources of NADPH production in the cell is the
pentose phosphate pathway.”’ G6PD is the rate-limiting
enzyme in this pathway, which produces NADPH. NADPH
donates electrons to GSSG to generate two GSH, a redox
reaction catalyzed by the enzyme GSR.' G6PD, GSR, and
GCLC together are known to be regulated by Nrf2, the most
important regulator of antioxidant genes within the cell.”* Our
results indicated that Nrf2 gene expression is directly correlated
to CBS expression in HBC cells since CBS-silenced breast
cancer cells had significantly lower Nrf2 mRNA expression
versus scrambled controls (Figure 3A). This observation is
consistent with previous studies that have shown H,S and Nrf2
to be positively associated with each other.’"* As CBS
silencing resulted in decreased Nrf2 expression, one would
expect CBS silencing to correlate to downregulation of those
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genes regulated by Nrf2. Indeed, our data revealed that GCLC,
G6PD, and GSR gene expression decreases upon silencing of
CBS in human breast cancer cells with respect to scrambled
controls (Figure 3B—D). However, H,S and CTH could also
regulate y-Glu-Cys synthetase/GCLC and GSR at the tran-
scriptional and/or translational level. Further studies into this
mechanism are warranted.

Once we established correlations between CBS and increased
antioxidant capacity in HBC cells, we wanted to determine
whether the enzymatic activity of CBS was indeed promoting
the enhanced antioxidant capacity observed in cancer cells.
Along this line, exogenous addition of H,S and CTH to
MCEF7shCBS cells resulted in a partial attenuation of the
decrease in the GSH/GSSG ratio, intracellular ROS, and total
GSH (Figure 4A—C). We hypothesize that this observation
could be due in part to the positive relationship between H,S
and Nrf2***° that we discussed previously. Our findings are
consistent with this inference since exogenous addition of H,S
and CTH resulted in a significant increase in Nrf2 mRNA
expression, which in tumn elicited increase in the antioxidant
capacity as demonstrated by the upregulation of GCLC, G6PD,
GSR, and NADPH/NADP" ratio (Figure 4D,E).

In addition to the observation that H,S and CTH reverse the
downregulation of the GSH/GSSG caused by lentiviral-
mediated silencing of CBS in HBC cells (Figure 4A), we
found that CBS overexpression in MCF-10A could upregulate
the GSH/GSSG ratio (Figure SB). CBS expression also
correlated with increases in steady-state levels of total GSH
and its rate-determining intermediates y-Glu-Cys and cysteine
(Figure SC—E).”* With strong indications that CBS expression
is directly connected to maintaining an increased GSH/GSSG
ratio, we then assessed whether CO delivery by a novel
photoCORM could inhibit CBS in HBC cells. Our data show
that CO did inhibit CBS in HBC cells, decreasing the
bioactivity of CBS (Figure 6A) as well as reducing the GSH/
GSSG and NADPH/NADP® ratios significantly in both
estrogen receptor positive and estrogen receptor negative
HBC cells alike (Figure 6B,C). Our findings are consistent with
previous data that have shown CO to inhibit both isolated
CBS™'” and CBS in certain tissue types.'""'> CBS appears to be
an ideal target for CO in the context of breast cancer therapy in
that it is overexpressed in cancer cells versus normal cells,”
plays an important role in breast cancer cell cytoprotection,”*
and has been shown in this study to promote antioxidative
potential.

The antioxidant capacity of breast cancer cells is an
important feature with regard to cancer therapy, as numerous
anticancer drugs and radiation therapies work by increasing
ROS in cancer cells.*>*” For these therapies, high GSH levels,
increased GSH/GSSG ratios, and increased antioxidant
capacity are markers for chemotherapeutic/radiation resist-
ance.”*” We have shown a clear connection between CBS
activity and maintaining elevated GSH levels in breast cancer
cells. On the basis of these results, we hypothesized that
inhibition of CBS via CO delivery by photoCORMs, such as
[Mn(CO);], could be an affective approach toward decreasing
therapeutic resistance of breast cancer cells. Herein, we provide
strong preliminary evidence supporting this claim, as breast
cancer cells treated with CO and DOX exhibited a ~43%
increase in apoptosis versus those cells treated with DOX alone
(Figure 7A—C). This is consistent with previous studies that
have shown similar sensitizing effects from both endogenous
and exogenous sources of CO.*™* Incidentally, control

DOI: 10.1021/acs.jmedchem 7600476
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Figure 6. CO, delivered by photoCORM [Mn(CO);], inhibits CBS activity and lowers the GSH/GSSG ratio in human breast cancer cells. Control
cells were handled identically to CO treated-cells, but they were not exposed to visible light. (A) Effect of CO treatment on intracellular ROS, as
measured by DCFDA fluorescence, in three human breast cancer cell lines: MCE-7, MDA-MB-468, and Hs 578T. (B) GSH/GSSG ratio in three
breast cancer cell lines upon treatment with CO. (C) Intracellular ROS, measured by DCEDA fluorescence, in CO-treated breast cancer cells versus
control cells. (D—F) Steady-state levels of intracellular GSH, 7-Glu-Cys, and cysteine in three human breast cancer cell lines exposed to CO versus
respective controls. Data represents n = 3 independent experiments (*p < 0.05).
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Figure 7. CO sensitizes MCE-7 breast cancer cells to DOX. (A) Viable cell count of MCE-7 cells 48 h after pretreatment with 121 #M [Mn(CO),]
+ visible light followed by treatment with either 1 4uM DOX or the appropriate vehicle control. (B, C) Representative plots and graphical
representation of Annexin V-FITC/propidium iodide staining of cells 48 h after pretreatment with + CO followed by treatment with either 1 4M
DOX or the appropriate vehicle control, as measured by flow cytometry. Data represents n = 3 independent experiments (*p < 0.05).

experiments in our laboratory demonstrated that Mn** ions breast cancer cells has been noted with [Mn(CO),] + Paclitaxel
themselves (concentration = 120 M) and CO-spent iCORM (Figure S3), indicating that the mechanism of action of CO
(concentration = 120 uM) did not sensitize the breast cancer could be a more general effect and not specific or limited to

cells (Figure S2). Also, a similar enhancement of sensitivity of DOX. Recently, we incorporated similar photoCORMs in

8006 DOI: 10.1021/acs. jmedchem.7b00476
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mesoporous AI-MCM-41 (silica-based) nanoparticles that get
readily internalized by HBC cells and cause their dose-
dependent eradication upon illumination.”' We anticipate that
selective accumulation of such nanoparticle—photoCORM
composites within tumors, followed by illumination (through
fiberoptics), could circumvent therapeutic resistance often
encountered in breast cancer therapy.

B CONCLUSIONS

While it has been suggested that induction of oxidative stress
could target cancer cells specifically,” further studies into cancer
cell metabolism will help to identify and define therapies that
are more effective, have fewer side effects, utilize lower
concentrations of drugs/radiation, and minimize drug resist-
ance. The results from this study contribute to the groundwork
by which CORMs may be utilized for the treatment of cancer.
Our data provide needed insight into the metabolic profile of
antioxidative potential and redox homeostasis in breast cancer
cells. We have also shown that CBS expression and its
enzymatic activity are important for maintaining an increased
GSH/GSSG ratio and a robust antioxidant capacity. Fur-
thermore, a photoCORM can inhibit CBS activity and perturb
the redox environment in breast cancer cells to the point of
increasing sensitivity to the chemotherapeutic DOX. It is
therefore evident that CO could be employed in adjuvant
therapy of breast cancer to circumvent drug resistant and that
smart applications of photoCORMs could provide controlled
doses of CO to achieve such a goal

B EXPERIMENTAL SECTION

Materials and Reagents. [Mn(CO);] was synthesized by
following a published procedure and analyzed to confirm purity
before application."® Protease inhibitor cocktail (P8340), puromycin
(P8833), and all other chemicals were purchased from Sigma-Aldrich
(St. Louis, MO) unless otherwise stated. The primary antibodies,
namely, anti-CBS (sc-133208) and anti-GAPDH (sc-47724), were
procured from Santa Cruz Biotechnology (Santa Cruz, CA).

Cell Culture and Treatments. MCE-7, MDA-MB-468, Hs S78T,
and MCF-10A were obtained from American Type Culture Collection
(Manassas, VA). MDA-MB-468 and Hs 578T cells were grown in 1X
DMEM supplemented with 10 mM HEPES buffer, 1X antibiotic—
antimycotic, and 10% fetal bovine serum (FBS). MCF-7 cells were
grown in 1X DMEM supplemented with 1 pg/mL insulin, 1 mM
sodium pyruvate, 1X antibiotic—antimycotic, and 10% FBS. MCF-10A
cells were grown in 50/50 DMEM/F12 supplemented with 20 ng/mL
epidermal growth factor, 0.5 mg/mL hydrocortisone, 100 ng/mL
cholera toxin, 10 ug/mL insulin, 1X Pen/Strep, and 5% horse serum.
Cells were passaged no more than 10 times postprocurement from the
supplier, and their genetic characteristics were tested regularly.
Additionally, the absence of mycoplasma was determined regularly
with a MycoAlert mycoplasma detection kit (LT07-318) from Lonza
(Basel, Switzerland). All treatments, including exogenous addition of
100 #uM CTH and 40 uM GYY 4137, concentrations similar to those
used in previous studies,” were performed under serum-free
conditions unless otherwise noted.

Generation of Stable Cell Lines. Stable cell lines in which CBS
was silenced were generated for MCF-7, MDA-MB-468, and HsS78T
HBC cells with short hairpin RNA (shRNA) using lentiviral particles
obtained from Santa Cruz Biotechnology (Santa Cruz, CA). CBS-
silenced cell lines were transfected with lentiviral particles containing
three to five lentiviral plasmids, each encoding a 19-25 nucleotide
shRNA complementary to CBS mRNA (sc-60335-V) to knockdown

resistant colonies were identified and propagated. MCF-7, MDA-MB-
468, and Hs S78T cells that survived puromycin selection after
transfection with shRNA were annotated as MCF7scram/
MCE7shCBS, 468scram/468shCBS, and Hs scram/Hs shCBS for
scrambled controls and CBS-silenced cells, respectively.

Measurement of Metabolites via High Performance Liquid
Chromatography—Mass Spectrometry. GSH, GSSG, 7-Glu-Cys,
cysteine, and CTH were quantified via high peformance liquid
chromatography—mass spectrometry (HPLC-MS) as described.”"
Cells (5 X 10°) were lysed via three freeze/thaw cycles in 200 uL
of 10 mM N-ethylmaleimide (NEM) + 10 mM ammonium acetate,
pH 7.4. After lysis, methanol (800 uL) was added and the samples
were vortexed. Following centrifugation (16000g, S min) of the
samples, supernatants were transferred to micocentrifuge tubes and
dried by vacuum centrifugation. Methanol (100 L) was added to the
dried samples, and they were dried under a stream of nitrogen.
Benzene (100 pL) was added, and the samples were dried under a
stream of nitrogen. Next, each sample was treated with 100 uL of 3 N
methanolic HCI for 60 min at 60 °C. Then, the samples were dried
under a nitrogen stream. All samples were finally dissolved in 100 uL
of H,O and centrifuged at 16 000g for S min. The supernatants were
transferred to liquid chromatography (LC) injector vials. Aliquots (8
uL) of the solutions were injected onto a Kinetex XB-C18, 100 X 2.1
mm, 1.7 ym particle size, 100 A pore diameter, reverse phase column
from Phenomenex (Torrance, CA). The column was equilibrated with
85% 0.1 mM perfluorooctanoic acid in water (eulant A) and 15% 0.1
mM perfluorooctanoic acid in acetonitrile (eluant B) and eluted at 100
pL/min with increasing concentration of eluant B (min/% B: 0/15, 5/
15, 35/50, 33/15, 45/15). The eluant was directed to an Agilent Jet
Stream electrospray ionization (ESI) source connected to a triple
quadrupole mass spectrometer (Agilent 6460) operating in the
positive ion tandem mass spectrometric multiple reaction-monitoring
(MRM) mode. The intensities of the CTH (461 — 318, t; 27.88
min), cysteine-NEM conjugate (261 — 244, tz 24.06 min), GSH-
NEM conjugate (461 — 318, t; 26.06 min), GSSG (669 — 383, t;
28.18 min), and 7-Glu-Cys-NEM conjugate (404 — 244, t; 26.59 min)
parent to fragment transitions were recorded using previously
optimized settings. With each independent experiment, standards
were prepared containing known concentrations of CTH (0, 20, 40,
40, 80, 160 pmol), cysteine (0, 10, 20, 40, 80 pmol), GSH (0, 100, 200,
400, 800 pmol), GSSG (0, 25, 50, 100, 200 pmol), and 7-Glu-Cys (0,
100, 200, 400, 800 pmol). The peak areas of the standards of CTH,
cysteine, GSH, GSSG, and y-Glu-Cys were used to construct
calibration curves. The amount of CTH, cysteine, GSH, GSSG, and
7-Glu-Cys in each biological sample was calculated by interpolation
from the curves.

Detection of Reactive Oxygen Species. The intracellular
concentration of ROS was determined with 2',7’-dichlorodihydro-
fluorescein diacetate (hereafter, DCFDA). Cells were treated with 50
puM DCEDA for 30 min at 37 °C. Cells were washed twice with
phosphate-buffered saline (PBS) + 0.5% FBS and then analyzed by
flow cytometry using a C6 flow cytometer and CFlow software from
Becton Dickinson Biosciences (Franklin Lakes, NJ).

NADPH/NADP* Assay. Intracellular nucleotides NADPH and
NADP" were measured using the NADP/NADPH assay kit
(ab65349), which was procured from Abcam (Cambridge, MA).

RNA Purification and Reverse Transcriptase-Quantitative
PCR. Total RNA was extracted using the RNeasy mini kit (no. 74106)
obtained from Qiagen (Valencia, CA). RNA concentrations were
measured using a NanoDrop 2000c spectrophotometer (Nanodrop,
Wilmintgon, DE). First-strand cDNA synthesis was performed using
the iScript cDNA synthesis kit from Bio-Rad (Hercules, CA). Relative
levels of mRNA were assayed for the following genes: f-actin, nuclear
factor erythroid 2-related factor 2 (Nrf2), glucose 6-phosphate
dehydrogenase (G6PD), the catalytic subunit of y-glutamylcysteine
synthetase (GCLC), and glutathione reductase (GSR). The primer

CBS gene expression. Stable control cell lines were tr d with

used were as follows: f-actin (forward: 5’-ATTGGCAATG-

lentiviral particles containing a plasmid encoding a scrambled shRNA
sequence (sc-108080) that does not lead to the specific degradation of
any specific mRNA. Cells were selected with 1 yg/mL puromycin until
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AG1CGGTTC-3', reverse: 5'-GGATGCCACAGGACTCCAT-3'),
Nrf2 (forward: 5-GAGAGCCCAGTCTTCATTGC-3/, reverse: §'-
TGCTCAATGTCCTGTTGCAT-3"), G6PD (forward: 5'-ATCGA-
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CCACTACCTGGGCAA-3', reverse: S'-TTCTGCATCACGTCC-
CGGA-3'), CGLC (forward: $-AGTTCAATACAGTTGAGG-3,
reverse: 5'“TACTGATCCTATAGTTAT-3") and GSR (forward: §'-
TTGGTAACTGCGTGATACATCGGG-3', reverse: S'-AACAT-
CCCAACTGTGGTCTTCAGC-3'). Quantitative PCR (qPCR) was
performed on an ABI (Applied Biosystems) 7900 HT thermal cycler
in standard mode using SYBR Green (Life Technologies, Carlsbad,
CA) for 40 cycles. Each reaction was run in triplicate in three
independent experiments. Relative mRNA expression values were
calculated using the 2*2< method.

Overexpression of CBS. Human CBS overexpression plasmids
(Ad-h-CBS, no. ADV-204180) and the corresponding control
plasmids (Ad-CMV-null, no. 1300), packaged in adenovirus, were
obtained from Vector Biolabs (Malvern, PA). Briefly, MCE-10A cells
were seeded into 100 mm dishes, grown to ~95% confluence, and
then infected with the CBS overexpression or control viral stocks of
10°—10° PFU/mL. After 24 h, the cells were washed, fresh medium
was added, and the cells were used for subsequent experiments
including HPLC-MS, NADP'/NADPH assays, and western blot
analysis.

Western Blot Analysis. Whole cell lysates were prepared from
cells after various treatments in lysis buffer containing 50 mM Hepes
(pH 7.5), 1 mM DTT, 150 mM NaCl, 1 mM EDTA, 0.1% Tween 20,
10% glycerol, 10 mM f-glycerophosphate, 1 mM NaF, 0.1 mM
orthovanadate, 10 mg/mL leupeptin, 10 mg/mL aprotinin, and 0.1
mM phenylmethylsulfonyl fluoride (PMSE). The soluble cell lysate
protein concentrations were quantified by Bradford assay. Cell lysate
(20 pg) from each sample was separated on a 10% SDS-PAGE gel and
transferred to poly(vinylidene difluoride) (PVDF) membranes.
Membrane blocking was done with 5% nonfat dried milk and
incubated overnight at 4 °C. Primary (1:1000 dilution) and horse
radish peroxidase (HRP)-conjugated secondary (1:10000 dilution)
antibody incubations were done at 4 °C overnight and 1 h at room
temperature, respectively. I escent signals were d d
using Pierce ECL Plus western blotting substrate (no. 32132) from
ThermoFisher Scientific (Waltham, MA).

Light-Activated [Mn(CO);] Treatment. Cell were treated with
120 uM [Mn(CO);] under serum-free conditions as previously
described."* One million cells were placed in 100 mm tissue culture
dishes and allowed to seed overnight. The next day, cells were treated
with 120 #uM [Mn(CO);] in the dark. For experimental (ie., CO-
treated) samples, cells were exposed to visible light for 30 min at room
temperature and then allowed to incubate at 37 °C + 5% CO, for 1 h.
Next, the media was aspirated, and the cells were washed three times
with 1x PBS, followed by the addition of serum-containing media. The
cells were then allowed to incubate at 37 °C + 5% CO, for 6 h and
finally assayed for GSH and GSH metabolites by HPLC-MS and for
ROS by DCFDA fluorescence. For control samples, cells were handled
exactly the same as experimental samples, but they were not exposed
to light.

Dgth and [Mn(CO);] Treatments. For assaying the chemo-
sensitizing effects of CO, cells were pretreated with 120 uM
[Mn(CO),] as mentioned above with the exception of the addition
of serum-free media after CO treatment. Following this, either 1 4M
DOX or vehicle control (dimethyl sulfoxide, DMSO) was added to
respective tissue culture dishes. Cells were allowed to incubate at 37
°C + 5% CO, for 24 h, after which cells were assayed for viability and
apoptosis.

Cell Viability Assay. A Vi-Cell XR cell viability analyzer from
Beckman Coulter (Brea, CA) was used to determine cell viability by
the trypan blue exclusion method. The number of viable cells, 24 h
post-treatment, was determined in triplicate. Data represents the mean
+ SEM of three independent experiments.

Detection of Apoptosis. Apoptosis/necrosis of DOX and
[Mn(CO);]-treated cells was determined with a FITC Annexin V-
apoptosis detection kit I, containing Annexin V-FITC and propidium
iodide (BD Pharmingen, no. $56570). After DOX/[Mn(CO),]
treatment, cells were harvested and counted. Aliquots of one million
cells were washed twice with cold 1X PBS and resuspended in 100 uL
of 1X Annexin V binding buffer. The cells were transferred to § mL
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culture tubes and stained with 5 L Annexin V-FITC and $ uL of
propidium iodide. Cells were incubated for 15 min at room
temperature in the dark; then, 400 uL of 1X Annexin V binding
buffer was added to the samples, and the cells were analyzed with a BD
FACScan flow cytometer (Becton Dickinson Biosciences). Data were
acquired and analyzed using BD CellQuest software.

Statistical Analysis. Data are presented as the mean + SEM.
Statistical comparison between two groups was performed using
Student’s ¢ test. Statistical comparisons between more than two groups
were performed using ANOVA with posthoc Tukey’s test. P values less
than 0.05 were considered statistically significant (*p < 0.05).
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Fig S1. Interference with generation of reactive oxygen species (ROS) attenuates ability of 120 pM [Mn(CO);] to sensitize breast

cancer cells to DOX. (A) Viable cell count of MCF-7 cells 48h after pre-treatment with: 120 pM [Mn(CO);] +/- visible light,

polyethylene glycol only (PEG, 0.5 mg/mL) or 500U/mL catalase-polyethylene glycol (PEG-CAT). Subsequently, cells were treated

with either I uM DOX or appropriate vehicle control. (B) Intracellular ROS, measured by DCFDA fluorescence, in PEG-CAT-treated

MCF-7 cells versus untreated and PEG-only controls. Data represent n=3 independent experiments. (*p<0.05)
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Fig S2. Mn*" and inactivated [Mn(CO);] (iCORM) do not sensitize MCF-7 breast cancer cells to DOX. (A) Viable cell count of MCF-

7 cells 48h after pre-treatment with 120 pM MnCl,, then treatment with either I uM DOX or appropriate vehicle control. (B) Viable

cell count of MCF-7 cells 48h after pre-treatment with 120 uM iCORM, then treatment with either 1 uM DOX or

appropriate vehicle control. Data represent n = 3 independent experiments. (*p < 0.05)
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Fig S3. CO sensitizes MCF-7 breast cancer cells to paclitaxel, another chemotherapeutic. Viable cell count of MCF-7 cells 48h after
pre-treatment with 120 pM [Mn(CO)s] +/- visible light, then treatment with either 20 nM paclitaxel (Taxol) or vehicle control. Data

represent n=3 independent experiments. (*p<0.05)
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Chapter 3

Co-treatment of carbon monoxide with cisplatin induces apoptosis in cisplatin-

resistant ovarian cancer
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Table 3.1 Table of Content

3.1 Background

In chapter 2, we reported and discussed the therapeutic implications of carbon
monoxide (CO) as a chemosensitizing agent against human breast cancer cells. Our

findings revealed that cystathionine B-synthase (CBS) is sensitive to inhibition by

101



carbon monoxide (CO) in breast cancer. As a follow-up study, we assessed the effects

of CO on another cancer cell model, ovarian cancer.

Though only the fifth most prevalent, ovarian cancer is the most lethal gynecological
cancer in the United States.' The overall 5-year survival rate for advanced ovarian
cancer patients is only ~40% and has not changed significantly for the past 20 years.”
The current standard of care includes cytoreductive surgery and combination
platinum/taxane chemotherapy.’ However, ~ 90% of ovarian cancer deaths are caused
by chemotherapeutic resistance, which ultimately leads to metastasis.* Clearly there is

an unmet need for treatment modalities to mitigate chemotherapeutic resistance.

Cispaltin is one of the most widely used and effective anti-cancer drugs. In
addition to ovarian cancer, it is the standard of care for other solid cancers of the head
and neck, bowel and colon, cervix and lung. By localizing to the nucleus and binding
to DNA, cisplatin gives rise to intrastrand DNA adducts and triggers G2 cell cycle
arrest and subsequent apoptosis. The effectiveness of cisplatin, however, is limited by
the high incidences of drug resistance.” In the cases of colorectal, lung and prostate
cancers, intrinsic resistance is common.’ In ovarian cancer, however, resistance is
mainly acquired after initial treatment and response to cisplatin therapy.’
Understanding the cellular changes that occur in the development of cisplatin
resistance will help in developing more effective means of circumventing cisplatin

resistance in ovarian cancer.
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Exogenous carbon monoxide (CO) has recently been shown to decrease
chemotherapeutic resistance and proliferation in various cancer cell types.”” Our
group has recently reported that CO increased the sensitivity of human breast cancer
cells to doxorubicin mediated cell death by >40% via the inhibition of endogenous
cystathionine B-synthase (CBS) enzymatic activity.'” CBS is overexpressed
selectively in human breast cancer tissues and not in normal human breast tissues
making it a potential therapeutic target.'" Interestingly, CBS is overexpressed in only
a few other neoplasms, one of which is ovarian cancer, where CBS has been
implicated in resistance to cisplatin.'> However, the mitigation of chemotherapeutic
drug resistance, using a pharmacological inhibitor of CBS has not yet been
demonstrated in ovarian cancer cells. This study for the first time assessed the
pharmacological inhibition of CBS by a light-induced CO delivery modality to
counter chemotherapeutic drug resistance in human ovarian cancer cells. The results
underscore the important role of the transsulfuration pathway in the development of

chemotherapeutic drug resistance in ovarian cancer.

The noxious nature of gaseous CO often poses challenging delivery issues in
hospital settings. To avoid this problem, a designed metal carbonyl complex namely
[Mn(CO)s(phen)(PTA)]CF3SO;3 (phen = 1,10-phenanthroline; PTA = 1,3,5-triza-7-
phosphaadamantane; abbreviated “photoCORM 17 hereafter) has been employed as
the exogenous CO source in this study (Figure 3.1). This designed manganese
carbonyl complex is water-soluble and rapidly releases CO only when exposed to

low-power (10 mW/cm?) broadband visible light. This photoactive CO-releasing
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molecule (photoCORM) has been a convenient source of CO in delivery under

controlled conditions.'®"?

Figure 3.1. [Mn(CO);(phen)(PTA)]CF5SOs, photoactivatable CO-releasing molecule
(photoCORM 1).

3.2 CO sensitizes cisplatin-resistant ovarian cancer cells to cisplatin

Previous studies have demonstrated the ability of CO to sensitize cancer cells to

. 9,10
chemotherapeutics,””

though cisplatin resistance and ovarian cancer had yet to be
addressed. In this study, we wanted to assess the ability of CO, delivered by 30 uM
photoCORM, to enhance the sensitivity of cisplatin-resistant ovarian cancer cells to
cisplatin. 30 uM of photoCORM 1 was used in this study because high
concentrations of CO, higher than that delivered from >30 uM photoCORM 1, were
cytotoxic to the cells used in this study (Figure 3.2). Therefore, 30 uM photoCORM 1

was the ideal concentration to elucidate the mechanism of action(s) by which CO

might sensitize cisplatin-resistant ovarian cancer cells to cisplatin.
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Figure 3.2. Comparison of dose-response to CO, delivered by photoCORM 1, on cell
viability, comparing wild type and cisplatin-resistant variants of ovarian cancer cell
lines. (A) OVCAR-5 and (B) SKOV-3. Cells were treated with 0-240 pM
photoCORM 1 for 24 h prior to trypan blue cell viability assays. Log(dose)-response
curves were fit to the data by nonlinear regression to calculate approximate 1C50
values. Data representative of n=3 independent experiments. Abbreviations: carbon
monoxide (CO), photoactivatable CO-releasing molecule (photoCORM).

Cisplatin-resistant versions of ovarian cancer cell lines OVCAR-5 and SKOV-3
(OVCAR-5-R and SKOV-3-R respectively) were assessed for their resistance to
therapeutically relevant concentrations of cisplatin compared with their respective
parent cancer cell lines, OVCAR-5 and SKOV-3. Dose-response experiments
revealed that OVCAR-5-R and SKOV-3-R exhibited greater cisplatin resistance, >2-
fold increased ED50 values for cisplatin, compared with OVCAR-5 and SKOV-3

respectively (Figure 3.3).
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Figure 3.3. Assessing sensitivity to cisplatin of cisplatin-resistant and wild type
variants of ovarian cancer cell lines. (A) Cell viabilities of OVCAR-5 and it’s
cisplatin-resistant variant, OVCAR-5-R. (B) Cell viabilities of SKOV-3 and it’s
cisplatin-resistant variant, SKOV-3-R. Cells were treated with 0-40 uM cisplatin for
24 h prior to cell viability measurements performed by trypan blue exclusion.
Log(dose)-response curves were fit to the data by nonlinear regression to calculate
IC50 values. Data representative of n=3 independent experiments.

Since CO has been shown to sensitize certain cancer cells to chemotherapeutics, we
wanted to assess whether CO, delivered from a photoCORM 1, could attenuate drug
resistance for platinum-based chemotherapies in an ovarian cancer model. CO,
delivered by 30 uM photoCORM 1, was assessed for the ability to increase the cell
growth inhibition and apoptotic response of cisplatin-resistant cell lines OVCAR-5-R
and SKOV-3-R to 20 uM cisplatin. CO significantly enhanced the sensitivity of
cisplatin-resistant ovarian cancer cells to cisplatin compared to cisplatin treatment
alone (Figure 3.4A-D). OVCAR-5-R and SKOV-3-R treated with cisplatin alone
exhibited ~40% and ~29% decreases in cell viability, which was enhanced >2-fold in

both cell lines by CO, (Figure 3.4A, C). The reduction in cell viability correlated
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with increased PARP-1 cleavage in CO + cisplatin treated cells compared with
cisplatin treatment alone, indicating increased apoptotic induction with CO-cisplatin

co-treatment (Figure 3.4E).
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Figure 3.4. Cell viability assays and apoptotic signaling in cisplatin-resistant ovarian
cancer cells co-treated with CO and cisplatin. Cisplatin-resistant ovarian cancer cell
lines OVCAR-5-R and SKOV-3-R were treated with CO, delivered by 30 uM
photoCORM 1 and/or 20 uM cisplatin. (A, C) Mean cell viabilities measured by
trypan blue exclusion 48 h post-treatment, and (B, D) results from one-way
ANOVA/Tukey’s test for post-hoc analysis of data. (E) Western analysis of whole
cell lysates for PARP-1 and GAPDH as a loading control. Experiments and blots
representative of n=3 independent experiments. (* p<0.05, ** p<0.01, ***p,0.001).
Abbreviations: carbon monoxide (CO), poly (ADP-ribose) polymerase-1 (PARP-1),
glyceraldehyde 3-phosphate dehydrogenase (GAPDH).

The use of photoCORM 1 was a convenient source of CO for study in cell culture
conditions, but not without limitations, namely the potential cytotoxicity of the non-
CO portion of the molecule. It has been reported that certain CO-releasing molecules

(CORMs), specifically the transition metal-containing CORM-2, elicit substantial cell
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death independent of CO-release.'* As photoCORM 1 is a transition metal complex
(Figure 3.1), we performed a series of control experiments to assess the ability of the
non-CO, molecular scaffold of photoCORM 1 to increase the response of cisplatin-
resistant ovarian cancer cells to cisplatin. Light-inactivated photoCORM 1 (iCORM)
neither significantly alter cell viability itself nor enhanced the cytotoxicity of cisplatin
towards OVCAR-5-R (Figure 3.5), demonstrating the negligible effect of the

photoCORM 1’s molecular scaffolding towards increasing cisplatin sensitivity.

A
=5 —
33
2t
23
8w
S0
3
o
30 uM photoCORM 1 — + - + - -
20 uM Cisplatin — — + + — +
30 uMiCORM - - - + +
o
&
&
&)
OVCAR-5R
B
Tukey's
Tukey's Multiple Multiple
Comparison Comparison
Test Mean Diff. q P <0.05? Summary Test Mean Diff. q P <0.05? | Summary
"Control" vs "photoCORM
iCORM -2.467 0.4199 No ns " vs iCORM -18.3 3.32 No ns
"Control” vs "photoCORM
"iCORM + " vs "iCORM
Cisplatin” 29.69 4.2711 No ns + Cisplatin” 13.86 2.085 No ns
"photoCORM
"Cisplatin” vs + Cisplatin”
iCORM -42.47 7.705 Yes e vs "iCORM" -77.41 15.29 Yes
"photoCORM
Cisplatin vs + Cisplatin”
"iCORM + vs "iCORM +
Cisplatin” -10.31 1.551 No ns Cisplatin” -45.25 7.204 Yes
"ICORM" vs
"iCORM +
Cisplatin” 32.16 4.996 Yes

Figure 3.5. Assessment of cytotoxicity and drug sensitizing effects of iCORM on
cisplatin-resistant ovarian cancer cells. (Top) Mean +/- SEM cell viabilities of
OVCAR-5-R cells treated with 30 uM photoCORM 1, 30 uM iCORM and/or 20 uM
cisplatin assayed 48 h post-treatment by trypan blue exclusion. (Bottom) Results from
Tukey’s test for post-hoc analysis. Data representative of n=3 experiments. (* p<0.05,
¥ p<0.01, ***p,0.001). Abbreviations: inactivated, photo-activatable carbon
monoxide-releasing molecule (iCORM), photoactivatable, carbon monoxide-
releasing molecule (photoCORM).
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In a similar manner, iCORM did not significantly alter cell viability of SKOV-3-R
cells compared to control treatments and did not increase the sensitivity of those cells
to cisplatin (Figure 3.6), further evidence that CO, rather than iCORM, is the

cisplatin-sensitizing component of photoCORM 1.
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Figure 3.6. Cytotoxicity and drug sensitizing effects of iCORM on cisplatin-resistant
ovarian cancer cells. (Top) Mean +/- SEM cell viabilities of SKOV-3-R cells treated
with 30 uM photoCORM, 30 uM iCORM and/or 20 uM cisplatin assayed 48 h post-
treatment by trypan blue exclusion. (Bottom) Results from Tukey’s test for post-hoc
analysis. Data representative of n=3 experiments. (* p<0.05, ** p<0.01, ***p,0.001).
Abbreviations: inactivated, photo-activatable carbon monoxide-releasing molecule
(ICORM). Photoactivatable, carbon monoxide-releasing molecule (photoCORM 1).

Lower doses of CO, delivered by photoCORM 1, also sensitized cisplatin-resistant

cells to cisplatin in a concentration-dependent manner (Figure 3.7).
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Figure 3.7. Dose-response of cisplatin-resistant ovarian cancer cells to cisplatin in the
presence of increasing concentrations of CO. Cell viability, measured by reduction of
tetrazolium dye 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT).
Cisplatin-resistant variant of ovarian cancer cell line OVCAR-5 (OVCAR-5-R)
treated with vehicle control, cisplatin and/or photoCORM 1 for 24 h. Data presented
as average % of Control +/- SEM of n=3 experiments (*p<0.05).

Interestingly, 24 h treatment with 3 mM N-acetylcysteine (NAC), an antioxidant and
efficient donor of cysteine, for 24 h was able to largely reverse CO's ability to re-

sensitize of OVCAR-5-R and SKOV-3-R to cisplatin (Figure 3.8).
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Figure 3.8 NAC reverses the cytotoxic effects of combined CO-cisplatin treatment in
cisplatin-resistant ovarian cancer cell lines. (A) OVCAR-5-R and (B) SKOV-3-R.
Cells treated with 3mM NAC, 30 uM photoactivatable CO-releasing molecule
(photoCORM 1), 20 uM cisplatin or vehicle control(s) as indicated. Cell viability
assessed 24 h post-treatment by reduction of tetrazolium dye 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT). Data are presented as average % of
“Control” +/- SEM of n=3 experiments. (*p<0.05).
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Since NAC is an efficient donor of cysteine, we measured steady state levels
of intracellular cysteine by HPLC-MS. Indeed, 3 mM NAC treatment for 24 h
increased intracellular levels of cysteine in ~4.4-fold in OVCAR-5-R and ~3.8-fold in
SKOV-3-R compared with respective vehicle controls (Figure 3.9B). Together, these
findings regarding NAC suggested that intracellular levels of cysteine, a sulfur-
containing amino acid, might be mechanistically important for the cisplatin-resistance

phenotype in OVCAR-5-R and SKOV-3-R.
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Figure 3.9. Effect of treatment of cisplatin-resistant ovarian cancer cell lines with
NAC on markers of cisplatin resistance. Intracelular (B) cysteine levels, (C) y-Glu-
Cys and (D) GSH levels were quantified via high performance liquid
chromatography-mass spectrometry (HPLC-MS) in cisplatin-resistant variants of
ovarian cancer cell lines OVCAR-5 and SKOV-3 (OVCAR-5-R and SKOV-3-R
respectively). (D) Immunoblot of 10 pg/lane of nuclear fractions of whole cell lysate
of cisplatin-resistant ovarian cancer cell lines for metallothionein or Lamin A loading
control. Cells treated with 3mM NAC or vehicle control for 24 h. Data presented as
average % of “Control” +/- SEM of n=3 independent experiments (*p<0.05).
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3.3 CBS is overexpressed in cisplatin-resistant cells

Cisplatin resistance is attributed to increased drug inactivation by sulfur-containing
nucleophilic species, GSH and nuclear metallothionein, binding and inactivating the

15,16

drug Increased generation of GSH and metallothionein places a significant
demand for cysteine, as both GSH and metallothionein require the sulfur-containing
amino acid. One of the major sources of cysteine can be from the enzymatic actions
of CBS and cystathionine y-lyase (CGL), transsulfuration pathway enzymes that
convert homocysteine to cysteine.'” We therefore hypothesized that cisplatin-resistant
cell lines, OVCAR-5-R and SKOV-3-R, up-regulate transsulfuration pathway
enzymes, compared with cisplatin-sensitive cell lines OVCAR-5 and SKOV-3, in
order to meet the increased demand for cysteine, GSH and metallothionein.
Immunoblot analysis of whole cell lysates revealed dramatically increased expression

of both CBS and CGL, transsulfuration pathway enzymes, in cisplatin-resistant versus

the corresponding sensitive cells (Figure 3.14).
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Figure 3.10. Expression of transsulfuration pathway enzymes in wild type ovarian
cancer cell lines and their cisplatin-resistant variants. (A) Western analysis for CBS
and CGL of whole cell lysates of wild type ovarian cancer cell lines (OVCAR-5,
SKOV-3) and cisplatin-resistant variants (OVCAR-5-R, SKOV-3-R). GAPDH
probed for as a loading control. (B) Scheme of the expression of transsulfuration
pathway enzymes in wild type versus cisplatin-resistant ovarian cancer cell. Blots
representative of n=3 independent experiments. Abbreviations: cystathionine f-
synthase (CBS), cystathionine v-lyase (CGL), glyceraldehyde 3-phosphate
dehydrogenase (GAPDH).

3.4 CBS is associated with a cisplatin-resistant phenotype

Steady state levels of intracellular CTH, the enzymatic product of CBS, was present
~3.1-fold more in OVCAR-5-R and ~7.5-fold more in SKOV-3-R versus cisplatin-
sensitive cell lines OVCAR-5 and SKOV-3 respectively (Figure 3.11A). In addition
to overexpressing CBS, cisplatin-resistant ovarian cancer cell lines OVCAR-5-R and
SKOV-3-R also exhibited overexpression of CGL (Fig. 3.10), an enzyme downstream
of CBS in the transsulfuration pathway. CGL breaks down CTH into the amino acid

cysteine, which, like CTH, was found at higher steady state levels in cisplatin-

113



resistant cell lines, ~2.7-fold more in OVCAR-5-R and ~1.4-fold compared to cis-
platin-sensitive cells (Figure 3.11B). CGL, however, is only one of several processes
by which cysteine levels are regulated in the cell. In addition to the generation of
cysteine through the transsulfuration pathway, uptake of cystine by the
glutamate/cystine antiporter (xCT) is known to be an important source of intracellular
cysteine for cancer cells, including ovarian cancer.'® Furthermore, certain cisplatin-
resistant ovarian cancer cells are reported to have increased cystine-uptake via xCT."®
In consideration of this alternate source of cysteine, we compared the intracellular
uptake of deuterium-labeled cystine (D4-CC) in cisplatin-resistant ovarian cancer

cells with their respective cisplatin-sensitive counterparts.

We observed cisplatin-resistant cells, OVCAR-5-R and SKOV-3-R, contained
~2.1 and ~3.4 times more intracellular D2-cysteine (the reduced form of D4-CC) than
OVCAR-5 and SKOV-3, their respective cisplatin-sensitive cells, indicating a greater
capacity to uptake cystine (Figure 3.13E). Intracellular D4-CC was not detected at
levels above background (data not shown). Despite the increased uptake of cystine in
cisplatin-resistant cells, XCT protein expression was not remarkably different between
the cisplatin-resistant and cisplatin-sensitive cells (Figure 3.14). This suggested that
xCT activity per se, and not its expression, was important for the differential uptake

of D4-CC.

Next, we wanted to determine whether increased cysteine levels observed in

cisplatin-resistant cell lines was correlated with increased biosynthesis of GSH, which
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binds and inhibits cisplatin."> y-Glu-Cys, the product of the rate-limiting step in the
biosynthesis of GSH, was present at higher steady state levels, ~1.6-fold higher in
OVCAR-5-R and ~1.4-fold higher in SKOV-3-R, versus OVCAR-5 and SKOV-3
respectively (Figure 3.11C). Further connecting the dependence of y- Glu-Cys with
intracellular cysteine, treatment of OVCAR-5-R and SKOV-3-R cells with 3 mM
NAC significantly increased steady state levels of y-Glu-Cys: > 2-fold in both cell
lines (Figure 3.9B). Such increased levels of y-Glu-Cys in OVCAR-5-R and SKOV-
3-R were supported by concomitant increases in the steady-state levels of GSH.
Intracellular levels of GSH were ~2.4-fold higher in OVCAR-5-R and ~1.4-fold
higher in SKOV-3-R when compared with OV and SKYV, their respective, cisplatin-
sensitive, parent cell lines (Figure 3.11D). NAC-treated OVCAR-5-R and SKOV-3-R
cells both exhibited ~3.4- fold and ~2.4-fold higher steady state levels of GSH
compared with their respective, vehicle treated controls (Figure 3.9C), indicating that
the bioavailability of intracellular cysteine levels may be a key regulator of
intracellular GSH levels in cisplatin-resistant ovarian cancer cells. In addition to GSH,
metallothionein, a cysteine-rich protein, is known to bind and inactivate cisplatin

specifically when localized in the nucleus.''

Qualitative measurement of nuclear
metallothionein indicated that OVCAR-5-R and SKVOV-3-R cells exhibited
considerably increased expression of nuclear metallothionein when compared with
OVCAR-5 and SKOV-3 cells (Figure 11F). Addition of 3 mM NAC, a donor of

cysteine, also resulted in modest increased nuclear metallothionein expression as

determined by Western analysis (Figure 3.9D). Together, these findings demonstrate
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the importance of elevated, intracellular cysteine levels toward maintaining higher

levels of GSH and nuclear metallothionein, thiols known to bind and in- activate

cisplatin.
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Figure 3.11. Steady state levels of sulfur-containing peptides and proteins in
cisplatin-resistant ovarian cancer cells compared to their cisplatin sensitive-derived
cell lines. Data and blots representative of n-3 independent experiments. (* p<0.05)
Abbreviations: cystathionine [-synthase (CBS), cystathionine y-lyase (CGL),
glutamage-cysteine ligase (GCL), glutathione synthase (GS), glutathione (GSH),
glutamate-cystine antiporter (xCT).
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Figure 3.12. Western blot of xCT expression in whole cell lysates of wild type and
cisplatin-resistant ovarian cancer cells. Blot representative of n=3 experiments.
Abbreviations: glutamate-cystine antiporter (xCT), glyceraldehyde 3-phosphate
dehydrogenase (GAPDH).

3.5 Silencing CBS expression sensitizes cisplatin-resistant ovarian cancer cells to

cisplatin

In light of the observed correlation between CBS expression and markers for cisplatin
resistance, we sought to determine how CBS expression/activity might have been
contributing towards cisplatin resistance in OVCAR-5-R and SKOV-3-R. Towards
this end, we prepared stable, lentiviral-mediated, CBS-silenced, cisplatin-resistant
ovarian cancer cell lines [OVCAR-5-R (shCBS) and SKOV-3-R (shCBS)]. The
efficacy of lentiviral-mediated silencing of CBS expression was determined by
western analysis on whole cell lysates of OVCAR-5-R (shCBS) and SKOV-3-R
(shCBS), observing decreased CBS protein expression in those lysates compared with
control, shRNA-transfected cells: OVCAR-5-R (scram) and SKOV-3-R (scram)
respectively (Figure 3.14A). Reduced expression of CBS was co-observed with
reduced CBS enzymatic activity, as measured by its enzymatic product CTH. Steady

state levels of CTH in OVCAR-5-R (shCBS) were ~51% lower compared to
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transfection control OVCAR-5-R (scram) (Figure 3.14B). Similarly, SKOV-3-R
(shCBS) exhibited ~31% lower levels of intracellular CTH when compared to
SKOV-3-R (scram) (Figure 3.14B). To determine whether CBS over-expression in
cisplatin-resistant cell lines was at least in part mediating cisplatin resistance, we
measured the effects of cisplatin on cell viability in CBS-silenced cells versus
scrambled control cells. OVCAR-5-R (shCBS) and SKOV-3-R(shCBS), over a range
of concentrations of cisplatin, exhibited significantly reduced cell viability compared
to OVCAR-5-R (scram) and SKOV-3-R (shCBS) respectively (Figure 3.13).
Calculated ED50 values for cisplatin in OVCAR-5-R (shCBS) an SKOV-3-R
(shCBS) were ~2.5 uM and ~3.6 uM respectively. These values were lower than the
ED50 values for OVCAR-5-R (scram) and SKOV-3-R (scram), ~11 uM and ~4.4 uM

respectively (Figure 3.13).
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Figure 3.13. Effect of silencing CBS expression on the dose-response relationship
between cisplatin and cell viability of cisplatin-resistant ovarian cancer cells. (A)
CBS-silenced (shCBS) and control-silenced (scram) OVCAR-5-R and (B) CBS-
silenced (shCBS) and control-silenced (scram) SKOV-3-R cells were treated with 0-
40 puM cisplatin for 48 h. Cell viability assayed by trypan blue exclusion. Data
representative of n=3 independent experiments. ED50/IC50 values were calculated

from non-linear regression curve fitting of the log(dose)-response curve.
Abbreviations: Cystathionine -synthase (CBS).

3.6 Silencing CBS abates the molecular markers of cisplatin resistance in

ovarian cancer cells

Intracellular cysteine levels were ~60% lower in OVCAR-5-R (shCBS) and ~77% in
SKOV-3-R (shCBS) compared to their respective scrambled lentiviral controls
OVCAR-5-R (scram) and SKOV-3-R (scram) (Figure 3.14C). CBS-silenced cell lines
exhibited >50% reduced D4-CC uptake compared with their respective controls
(Figure 3.14F) strongly implicating a role for CBS in regulating cystine uptake. The
uptake of cystine may be dependent on the activity and/or expression of xCT.

Expression of xCT was however not noticeably different compared with respective
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scrambled controls (Figure 3.15C). To partially elucidate the connection between
CBS and cystine uptake, we turned our attention to H,S. H,S is an enzymatic product
of CBS, whereby CBS catalyzes the condensation of homocysteine with cysteine,
rather than serine.'” It has been shown that H,S allosterically upregulates xCT activity
and cystine uptake in neurons,”’ though it had not yet been demonstrated in ovarian
cancer cells. We therefore wanted to determine if H,S could at least partially restore
the attenuated uptake of D4-CC. CBS-silenced cells treated with 40 uM GYY 4137, a
slow releaser of H,S, exhibited significant yet highly variable increases in D4-CC
uptake versus those cells treated with vehicle control: > 600% in OVCAR-5-R

(shCBS) and > 33% in SKOV-3-R (shCBS) (Figure 3.15A, B).

Next, we sought to determine whether the observed reduction in steady state
levels of cysteine, caused by CBS-silencing (Figure 3.14C), affected the biosynthesis
of GSH. Steady state levels of y-Glu- Cys, the metabolic precursor to GSH, were
significantly lower, ~30% less in OVCAR-5-R (shCBS) and ~60% less in SKOV-3-R
(shCBS) versus OVCAR-5-R (scram) and SKOV-3-R (scram) respectively (Figure
3.14D). Additionally, we observed steady state levels of GSH in CBS-silenced cell
lines, 63 pmol/pg in OVCAR-5-R (shCBS) and 58 pmol/pg SKOV-3-R (shCBS),
were > 50% lower than that observed in scrambled controls, 130 pmol/pg in
OVCAR-5-R (scram) and 150 pmol/pg in SKOV-3-R (scram) (Figure 3.14 E). CBS-
silenced cell lines also expressed relatively less nuclear metallothionein compared

with scram- bled controls (Figure 3.14G).
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Figure 3.14. Sulfur homeostasis and molecular markers of resistance in cisplatin-
resistant ovarian cancer cells exhibiting stable silencing of CBS (shCBS) compared to
control transfected cells (scram). Steady state levels of transsulfuration pathway
metabolites (A) cystathionine and (B) cysteine, measured by HPLC-MS and
normalized to total protein. Steady state levels of GSH synthesis metabolites (D) vy-
Glu-Cys and (E) GSH, measured by HPLC-MS and normalized to total protein. (F)
xCT activity, as measured by cystine-D4 uptake over 48 h and normalized to total
protein. (G) Expression of metallothionein in nuclear extracts, with Lamin A
expression to assess equal loading. Data and blots representative of n=3 independent
experiments. (* p<0.05). Abbreviations: cystathionine B-synthase (CBS), high
performance liquid chromatography-mass spectrometry (HPLC-MS), glutathione
(GSH), glutamate-cystine antiporter (xCT).
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Figure 3.15. Effects of stable silencing of CBS on xCT activities and expressions in
cisplatin-resistant ovarian cancer cells. (A) Cystine-D4 uptake, relative to total
protein, in OVCAR-5-scram, OVCAR-5-shCBS and OVCARshCBS cells treated
with H,S-donor GYY 4137 for 24 h. (B) Uptake of cystine-D4, normalized to total
protein, of SKOV-3-R(scram), SKOV-3-R(shCBS) and SKOV-3-R(shCBS) cells
treated with GYY 4137 for 24 h. (C) Immunoblot of xCT expression in whole cell
lysates of CBS-silenced and scrambled control cell lines derived from cisplatin-
resistant lines OVCAR-5-R and SKOV-3-R. GAPDH expression was measured to
determine equal loading. Data and blots representative of n=3 independent
experiments. (* p<0.05) Abbreviations: cystathionine B-synthase (CBS), glutamate-
cystine antiporter (xCT), glyceraldehyde 3-phosphate dehydrogenase (GAPDH).

3.7 CO sensitizes cisplatin-resistant ovarian cancer cells to cisplatin

Following confirmation of a substantial connection between CBS and cisplatin-
resistance in OVCAR-5-R and SKOV-3-R, we investigated whether CO-induced
sensitization of cisplatin-resistant cells to cisplatin (Figure 3.4) was in part mediated
by inhibition of CBS and the subsequent suppression of nuclear metallothionein and
GSH. Treatment of OVCAR-5-R and SKOV-3-R with CO, delivered by 30 uM
photoCORM 1, significantly lowered CBS bioactivity, as measured by decreased

steady state levels of intracellular CTH. CTH decreased ~2.7- fold in OVCAR-5-R
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and ~4.5-fold in SKOV-3-R (Figure 3.16A). In a similar manner to lentiviral-
mediated silencing of CBS (Figure 3.14C), CO treatment reduced steady state levels
of cysteine > 55% in cisplatin-resistant cell lines OVCAR-5-R and SKOV-3-R
(Figure 3.16B). In parallel to the CO-mediated inhibition of CBS and decrease in
intracellular cysteine (Figure 3.16A, B), concomitant reduction in the uptake of D4-
CC, ~73% in OVCAR-5-R and ~56% in SKOV-3-R, was observed (Figure 3.16E).
Steady state levels of y-Glu-Cys, the product of the rate-limiting step of GSH
synthesis, was also significantly lower in cisplatin-resistant cells treated with CO,
~63% lower in OVCAR-5-R and ~66% lower in SKOV-3-R, versus respective
controls (Figure 16C). Expression of nuclear metallothionein and steady state levels
of GSH were ~40% lower in OVCAR-5-R and ~65% lower in SKOV-3-R upon

treatment with CO (Figure 16D, F).
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Figure 3.16. Effects of exogenous CO treatment on sulfur homeostasis in cisplatin-
resistant ovarian cancer cells. Cisplatin-resistant ovarian cancer cell lines OVCAR-5R
and SKOV-3-R were derived from wild type, cisplatin-sensitive cell lines OVCAR-5
and SKOV-3. Average, steady state levels of intracellular metabolites (A)
cystathionine, (B) cysteine, (C) y-Glu-Cys and (D) GSH as measured by HPLC-MS
and normalized to total protein. (E) xCT activity quantified by cystine-D4 uptake
from extracellular medium over 48h, normalized to total protein. (F) Expression of
metallothionein in nuclear extracts. Lamin A was probed for as loading control.
Experiments and blots representative of at least n=3 independent experiments. (*
p<0.05) Abbreviations: carbon monoxide (CO), glutathione (GSH), high
performance liquid chromatography-mass spectrometry (HPLC-MS), glutamate-
cystine antiporter (xCT)
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3.8 Discussion

Other investigators have shown that silencing of CBS enhanced drug sensitivity in
cisplatin-resistant ovarian cancer cells.' CcoO delivered by
tricarbonyldichlororuthenium (II) dimer, has been reported to promote global
methylation in U937 human monoblastic leukemia cell, possibly by CO-mediated
inhibition of CBS.*' These findings, though, may require further validation as the use
of tricarbonyldichlororuthenium (II) dimer for studying the effects of CO is
controversial; it has significant and potent CO-independent effects on potassium
channels in human cells.”” Nevertheless, the direct demonstration of a viable
pharmacological inhibition of CBS to alleviate drug resistance in ovarian cancer was
lacking.

The present study, for the first time, provides initial evidence that CO,
delivered from a photoCORM, inhibits CBS and could be a viable option to
circumvent cisplatin resistance in ovarian cancer. Specific small molecule inhibitors
of CBS, such as benserazide, have shown promise in eradicating cancer cells.”
However, if further developed, these could only be used as a systemic therapy that
will not spare normal cells. Such systemic therapy will result in serious adverse side
effects, as CBS in the liver is the primary source of GSH, the major antioxidant in
physiology.** On the other hand, light-activated CO delivery via appropriate catheters,
prototypes for which have already been developed in our laboratory,” could be used
to inhibit CBS locally in accessible cancer tissues. This would bypass systemic

delivery and increase the exposure of affected tissues to effective concentrations of
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the inhibitor and at the same time minimize adverse side effects. In fact the feasibility
of CO-releasing molecules for cancer treatment has recently been reviewed.*®
Platinum-containing anti-cancer drugs react readily with the sulfur-containing
amino acids in proteins namely methionine and cysteine. Unlike methionine, whose
reaction with platinum is readily reversible by replacement with thiols or nucleotide
bases, the cysteine-platinum complex is more stable.”” Therefore, cysteine-rich
proteins such as GSH and metallothionein, both of which are present at high
concentrations in the cancer cell, readily bind and inactivate platinum drugs.">'"*’
Indeed, formation of a cisplatin-(GS), complex has been characterized (by NMR
spectroscopy and HPLC-atomic absorption spectroscopy) in vitro and in vivo (in
murine L1210 cells) in addition to efflux of the complex across the cell membrane.”®
Of note, it has been reported that cisplatin adducts, formed by incubation of cisplatin
with whole cell lysate from ovarian cancer cell line A2780cisR lysed in distilled
water, were comprised of ~20% of cisplatin-(GS), complex, with the other ~80%
being cisplatin bound to high molecular weight protein thiols.”’ These findings
suggest that GSH may be only partially responsible for the binding and inactivation
of cisplatin. However, when considering the propensity of extracellular GSH,
including that released during preparation of whole cell lysates in a non-reducing
environment such as water, to auto-oxidize should be noted. This, under experimental
conditions that are far from physiological, the dismissal of GSH towards inactivating
cisplatin, as was suggested by Kasherman, et al., perhaps should not be done so

readily. Nevertheless, their findings do suggest that higher molecular weight proteins,
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such as metallothionein, are very important in the inactivation of cisplatin. Indeed,
formation of a ternary complex between metallothionein and Platinum-DNA adduct
followed by release of platinum from the DNA (and formation of [(NH3),Pt(S,-
metallothionein)] species) has been suggested to modulate DNA-repair and gene
transcription  leading to drug resistance.’® Also, immunohistochemical
metallothionein expression in various human tumors has been associated either with
processes related to carcinogenesis or with resistance against radiation and
chemotherapy.’’ In ovarian tumors an increasing percentage of metallothionein
expression has been observed during the progression of malignancy.*>

Results shown in Figure 3.16 now clearly indicate that CO-mediated CBS
inhibition leads to the reduction of both GSH and metallothionein (implicated in
cisplatin inactivation) in ovarian cancer cells. Our observations are supported by
earlier findings that CBS positively regulates GSH levels in breast cancer cells.'' The
fact that exogenous CO could interfere with metallothionein expression as well in
refractory ovarian cancer cells, is in itself a novel finding in this study. The data that
CBS silencing could lower levels of nuclear metallothionein underlines the important
role of CBS in regulating two major thiol moieties (GSH and metallothionein)

3134 Nuclear metallothionein

implicated in chemotherapeutic drug resistance.
expression is induced by cisplatin and seems to protect DNA in cells from toxic

effects of the drug. The proportion of the individual contributions of GSH and

metallothionein in inactivating cisplatin is however not explored in this work.
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Increases in GSH and metallothionein require adequate maintenance of
intracellular cysteine levels. The intimate connection between GSH/metallothionein
and intracellular cysteine is highlighted by the ability of extracellular treatment of
cisplatin-resistant ovarian cancer cells with NAC. Treatment of OVCAR-5-R and
SKOV-3-R with 3mM NAC treatments increased both GSH and nuclear
metallothionein (Figure 3.9). Data presented here elucidate regulation of sulfur
metabolism in cisplatin-resistant ovarian cancer cells by CBS via two processes; flux
through the transsulfuration pathway and uptake of extracellular cystine.

Previous studies have shown that some cancer cell types maintain intracellular
cysteine levels by importing cystine via the glutamate/cystine antiporter, xCT.>>°
Elevated expression and activity of xCT in response to oxidative stress has been
reported in breast cancer cells, alluding to a role for xCT towards protecting cancer
cells against oxidative stress induced loss of cell viability (a mechanism often
exploited by chemotherapeutic drugs).”’ Overexpression of xCT has been shown to
increase intracellular GSH and increase resistance to cisplatin.'® In addition, loss of
xCT from cancer cells resulted in suppressed tumor growth of gastric cancer in pre-
clinical models.”® In cisplatin-resistant ovarian cancer cells, we observed increased
xCT activity, but not increased expression per se. We have provided strong evidence
for the regulation of xCT activity by CBS via H,S, as lentiviral-mediated silencing of
CBS in OVCAR-5-R (shCBS) and SKOV-3-R (shCBS) reduced the activity of xCT,
which was partially reversed by the addition of exogenous H,S, which is known to

allosterically increase xCT activity (Figure 3e-f).*’ To the best of our knowledge, this
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is the first report that demonstrated that CBS can up-regulate GSH synthesis
independent of the transsulfuration pathway in cancer cells by inducing the up
regulation of cystine uptake in cancer cells. This study further emphasized that CO
mediated inhibition of CBS could exploit this mechanism to compromise the anti-
oxidant potential of cancer cells resulting in their increased sensitivity to cisplatin.
Finally, it is important to note that overexpression of CBS is observed in
select malignancies, namely breast and ovarian cancers while the corresponding
normal tissues in all such cases exhibit very low levels of expression or none at all.”’
For this reason, CBS could be an important target in case of these two types of cancer
where modulation of CBS activity by exogenous CO could thwart resistance to
conventional chemotherapy. The effect of CO on non-transformed ovarian tissues in
the context of resistance to cisplatin is intriguing, as the effect(s) of CO in non-
cancerous cells are likely independent of CBS. Elucidation of other binding partners
of CO in non-transformed ovarian cell lines could be an interesting follow-up study.
Previous work from this laboratory demonstrated that light-triggered CO
delivery by the photoCORM photoCORM can attenuate antioxidant capacity in
human breast cancer cells through inhibition of CBS and sensitizes such cells to
doxorubicin and paclitaxel.'” Sensitization of human ovarian cancer cells to cisplatin
therapy through administration of CO now demonstrates the general concept of CBS

inhibition as a treatment modality to overcome chemoresistance encountered in

ovarian cancer therapy.

129



Strategies that overcome cisplatin resistance may dramatically reduce the
mortality of ovarian cancer.® Here we have presented that CO, delivered from a
photoCORM, sensitizes established cisplatin-resistant cell lines to cisplatin.
Furthermore, we have provided strong evidence that the effects of CO in
circumventing chemotherapeutic drug resistance is at least in part mediated by the
inactivation of endogenous CBS (as evidenced by the reduction in CTH, the direct

metabolic product of CBS).

3.9 Materials and methods
Materials and reagents

[Mn(CO)3(phen)(PTA)]CF3SO;3 (photoCORM) was synthesized, analyzed to confirm
purity, and applied as previously published.'®"* Cisplatin (479306), protease inhibitor
cocktail (P8340), puromycin (P8833), N-acetylcysteine (A7250) and other chemicals
were products of Sigma Aldrich (St. Louis, MO). GYY 4137 (13345) was purchased
from Cayman Chemicals (Ann Arbor, MI). Primary antibodies against CBS (sc-
133208), CGL (sc-365382), cleaved PARP-1 (sc-56196), Lamin A (sc-71481), B-
tubulin (sc-23949) and GAPDH (sc-47724) were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). Mouse monoclonal antibody against
metallothionein (ab12228) and rabbit polyclonal antibody against xCT (ab 37185)

were purchased from Abcam (Cambridge, MA).
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Cell culture

Ovarian cancer cell lines OVCAR-5 (OV), cisplatin-resistant OVCAR-5 (OVCAR-5-
R), SKOV-3 (SKV), and cisplatin-resistant SKOV-3 (SKOV-3-R) were a gift from
Dr. Sivakumar Ramadoss and Dr. Gautam Chaudhuri of the David Geffen School of
Medicine at University of California at Los Angeles. Cells were grown in 1X RPMI
media supplemented with 10% fetal bovine serum, 100 I.U./mL penicillin and 100
pg/mL streptomycin at 37°C + 5% CO, . Mycoplasma detection was performed
regularly to confirm its absence with MycoAlert™ Mycoplasma Detection Kit
(LTO07-218) from Lonza (Basel, Switzerland). Cells were passaged no more than five
times after being received. Unless otherwise indicated, cell cells were allowed to seed

overnight prior to treatments, then assayed 24 h post-treatment.
CO and cisplatin treatments of cells

Cells were seeded overnight, 100x10°/well of 6-well tissue culture dishes or
1x10°%well of 100 mm tissue culture dishes depending on the experiment being
performed, and incubated at 37°C + 5% CO, 24 h prior to cell culture treatments.
Cells treated with CO were exposed to 30 uM photoCORM in the dark. To control for
the effects of the non-CO backbone of the CO-releasing molecule, corresponding
control cells were treated with 30 uM light-inactivated photoCORM in the dark. Upon
addition of photoCORM or iCORM, cells were exposed to visible light for 30 min at
room temperature, then returned back to 37°C + 5% CO,. In experiments involving

cisplatin co-treatment with photoCORM, 20 pM cisplatin or DMSO vehicle control
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was administered either by itself or together with 30 pM photoCORM or iCORM.

Subsequent assays were performed 24 h post-treatment.
Cell viability assays

When assessing cell viability via Trypan blue exclusion method, 100x10° cells/well
of a 6-well tissue culture plate were allowed to seed overnight in a 37°C incubator +
5% COs,. The next day, cells were treated as indicated and allowed to incubate for 24
h. Following treatment, cells were harvested with 1mL 0.05% Trypsin-EDTA, after
which trypsin was neutralized with 1mL cell culture media supplemented with 10%
FBS. This cell suspension was then visualized and quantified using a Vi-Cell XR cell
viability analyzer from Beckman Coulter (Brea, CA). Cell viability was measured 24
h post-treatment and presented as the mean +/- SEM of three independent

experiments.

In cell viability experiments performed using the tetrazolium dye MTT,
experiments were performed in 96-well tissue culture plates. Briefly, 4x10° cells were
allowed to seed overnight in a 37°C incubator + 5% CO,. The next day, cells were
treated as indicated, then assessed for viability 24 h post-treatment. Cell culture media
was aspirated from cells, then replaced with 0.5mg/mL 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide dissolved fresh 1x DMEM and allowed to incubate
for 2 h in a 37°C incubator + 5% CO,. Number of viable cells was assessed by
quantifying the amount of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide reduced to insoluble formazan. Insoluble formazan was solubilized in 10%
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SDS + 0.01 N HCIL. The absorbance at 570 nm, with reference wavelength at 690 nm,
was measured. Data are presented as average % change +/- SEM from control(s) of

n=3 independent experiments.
Western blot analysis

Whole cell lysates from 1x10° cells/ 100 mm tissue culture dishes were prepared after
treatment in RIPA lysis buffer containing 150 mM NaCl, 5SmM EDTA pH 8.0, 50
mM Tris pH 8.0, 1% Triton X-100, 0.5% sodium deoxycholate, 1% SDS and 1X
protease inhibitor cocktail. Soluble lysates were quantified using a Pierce™ BCA
Protein Assay Kit (23225) from ThermoFisher Scientific (Waltham, MA), 20 pg cell
lysates from samples were separated on 4-12% SDS-PAGE gel and transferred to
poly(vinylidene difluoride) (PVDF) membrane. Membranes were blocked with 5%
nonfat dried milk and incubated for 1 h room temperature or 4°C overnight. Primary
(1:1,000 dilution) and horseradish peroxidase (HRP)-conjugated secondary (1:10,000
dilution) antibody incubations were performed at room temperature for 1 h.
Immunofluorescent signals were detected with Pierce ECL Plus western blotting

substrate (32132) from ThermoFisher Scientific.
High performance liquid chromatography-mass spectrometry

Glutathione (GSH), y-Glu-Cys, cysteine and cystathionine (CTH) were measured
utilizing high pressure, liquid chromatography-mass spectrometry (HPLC-MS) as
previously described [10]. ~5x10° cells, harvested via scraping from 100 mm tissue

culture dishes, were lysed via three probe sonication in 200 pL of 10 mM N-
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ethylmaleimide (NEM) + 10 mM ammonium acetate, pH 7.4. To the lysate, 800 puL
of methanol was added and the samples were vortexed. Samples were then
centrifuged at 16,000 x g for 5 min, then supernatants were collected into
microcentrifuge tubes and dried via vacuum centrifugation. Samples were further
dried with 100 pL methanol, then 100 pL benzene. The carboxy termini of
metabolites were esterified with the treatment of 100 pL of 3N methanolic HCI for 60
min, 60 °C. Samples were then dried via vacuum centrifugation, redissolved in 50 pL
of water and transferred to liquid chromatography injector vials. Kinetex XB-C18,
100 x 2.1 mm, 1.7-um particle size, 100A pore diameter, reverse phase column from
Phenomenex (Torrance, CA) column was equilibrated with 85% 0.1 mM
perfluorooctanoic acid in water (eulant A) and 15% 0.1 mM perfluorooctanoic acid in
acetonitrile (eluant B). Samples were injected onto the equilibriated column and
eluted at 100 pL/min with increasing concentration of eluant B (min/% B: 0/15, 5/15,
35/50, 33/ 15, 45/15). The eluants were directed towards an Agilent Jet Stream
electrospray ionization (ESI) source connected to a triple quadrupole mass
spectrometer (Agilent 6460) operating in positive ion tandem mass spectrometric
multiple reaction-monitoring (MRM) mode. The intensities of the CTH parent to
fragment transition (461—318, rt 27.88 min), cysteine-NEM conjugate (261—244, rt
24.06 min), GSH-NEM conjugate (461—318, rt 26.06 min) and y-Glu-Cys-NEM
conjugate (404—244, rt 26.59 min) were recorded using previously-determined
settings. Standards were prepared containing known concentrations of CTH (0, 20, 40,

40, 80, 160 pmol), cysteine (0, 80, 160, 320, 640 pmol), GSH (0, 200, 400, 800, 1600
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pmol) and y-Glu-Cys (0, 100, 200, 400, 800 pmol). From these standards, calibration
curves were constructed. The amount of the monitored metabolites in biological
samples was calculated by interpolation from the curves. Data were normalized to
total pg protein and reported in units of pmol metabolite per pg protein or percentage

of control/compared group.
D4-cystine uptake assay and H,S donation

I1x DMEM with high glucose but no glutamine, methionine, and cystine (D0422) was
procured from Sigma Aldrich. This media was then supplemented with 3.97mM
glutamine, 200 uM methionine, 10% FBS and 200 uM D4-CC (DLM-1000-PK),
which was purchased from Cambridge Isotope Laboratories (Tewksbury, MA).
~1x10° cells were seeded in 100 mm tissue culture dishes and allowed to grow for 48
h at 37°C + 5% COa,. In experiments where H,S-donor GY'Y 4137 was used, either 40
UM GYY 4137 or DMSO vehicle control was added for 48 h. Cells were harvested
and processed in the identical manner described above (Section 2.6). Reported D4-
CC uptake was measured by quantifying intracellular D2-cysteine levels. Data was

normalized to total pg protein and reported as fold-difference from control/compared

group.
Nuclear fraction enrichment

1x10° cells were seeded overnight into 100 mm tissue culture dishes, followed by
treatments with indicated experimental chemical/agents. By pooling multiple dishes

together, ~5x10° cells were scraped from 100 mm tissue culture dishes on ice and
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washed with cold, 1X PBS. Cells were suspended in cold lysis buffer containing the
following: 10 mM HEPES pH 7.7, 10 mM KCI, 0.1mM EDTA, 1mM DTT, 0.5%
NP-40, 0.5mM PMSF and protease inhibitor cocktail. Cells were incubated on ice for
15 min with intermittent mixing, then centrifuged at 12,000 x g at 4°C for 10 min.
The supernatant was collected as the cytosolic enriched fraction. The nuclear pellet
was washed three times with cold lysis buffer, then resuspended in cold nuclear
extraction buffer containing 20 mM HEPES pH 7.5, 400 mM NaCl, I mM EDTA, 1
mM DTT, 1 mM PMSF and protease inhibitor cocktail. After incubation on ice for 30
min, the enriched nuclear fraction was collected by centrifugation at 12,000 x g at

4°C for 15 min.

Gene silencing experiments

Stable silencing of CBS expression in OVCAR-5-R and SKOV-3-R was achieved
utilizing short hairpin RNA (shRNA) packaged in lentiviral particles purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). Cells were transfected with shRNA
complimentary to CBS mRNA (sc-60335-V) and selected for in the presence of 1
pg/mL puromycin to generate CBS-silenced cell lines OVCAR-5-R(shCBS) and
SKOV-3-R(shCBS). Cells were transfected with scrambled shRNA (sc-108080) and
selected for in the presence of 1 pg/mL puromycin to generate transfection control

cell lines OVCAR-5-R(scram) and SKOV-3-R(scram).

Statistical analysis
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Data are presented as means +/- standard error of n=3 independent experiments.
Statistical comparison between two groups was performed using a two-tailed, paired
Student's t-test, while comparisons between more than two groups was performed
using ANOVA with post-hoc Tukey’s test. P values less than 0.05 were considered
statistically significant (*p<0.05). Regression analysis and IC50/ED50 estimations
were determined using GraphPad Prism purchased from GraphPad Software (La Jolla,

CA).
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Cisplatin resistance remains a major impediment to effective treatment of ovarian cancer. Despite initial pla-
tinum responsiveness, thiol-containing peptides and proteins, glutathione (GSH) and metallothionein (MT), bind
and inactivate cisplatin in cancer cells. Indeed, high levels of GSH and MT in ovarian cancers impart cisplatin
resistance and are predictive of poor prognosis. Cystathionine B-synthase (CBS), an enzyme involved in sulfur
metabolism, is overexpressed in ovarian cancer tissues and is itself associated with cisplatin resistance.
Treatment with exogenous carbon monoxide (CO), a known inhibitor of CBS, may mitigate cisplatin resistance in
ovarian cancer cells by attenuation of GSH and MT levels. Using a photo-activated CO-releasing molecule
(photoCORM), [Mn(CO);(phen)(PTA)]CF3S03 (phen = 1,10-phenanthroline, PTA = 1,3,5-triza-7-phosphaada-
mantane) we assessed the ability of CO to sensitize established cisplatin-resistant ovarian cancer cell lines to
cisplatin. Cisplatin-resistant cells, treated with both cisplatin and CO, exhibited significantly lower cell viability
and increased poly (ADP-ribose) polymerase (PARP) cleavage versus those treated with cisplatin alone. These
cisplatin-resistant cell lines overexpressed CBS and had increased steady state levels of GSH and expression of
nuclear MT. Both CO treatment and lentiviral-mediated silencing of CBS attenuated GSH and nuclear MT ex-
pression in cisplatin resistant cells. We have demonstrated that CO, delivered from a photoCORM, sensitizes
established cisplatin-resistant cell lines to cisplatin. Furthermore, we have presented strong evidence that the
effects of CO in circumventing chemotherapeutic drug resistance is at least in part mediated by the inactivation
of endogenous CBS.

1. Introduction By localizing to the nucleus and binding to DNA, cisplatin gives rise to

intrastrand DNA adducts and triggers G2 cell cycle arrest and sub-

Ovarian cancer is the fifth most prevalent and the most lethal gy-
necological cancer in the United States [1]. The overall 5-year survival
rate for advanced ovarian cancer patients is only ~40% and has re-
mained largely static over the past 20 years [2]. The current standard of
care includes cytoreductive surgery and combination platinum/taxane
chemotherapy [3]. However, ~90% of ovarian cancer deaths are
caused by chemotherapeutic resistance and metastasis [4]. Clearly
there is an unmet need for treatment modalities to mitigate che-
motherapeutic resistance.

Cisplatin is one of the most widely used and effective anti-cancer
drugs. In addition to ovarian cancer, it is the standard of care for other
solid cancers of the head and neck, bowel and colon, cervix and lung.

* Corresponding authors.

sequent apoptosis. The effectiveness of cisplatin, however, is limited by
the high incidences of drug resistance [5,6]. In the cases of colorectal,
lung and prostate cancers, intrinsic resistance is common [5]. In
ovarian cancer, however, resistance is mainly acquired after initial
treatment and response to cisplatin therapy [5]. Understanding the
cellular changes that occur in the development of cisplatin resistance
will help in developing more effective means of circumventing cisplatin
resistance in ovarian cancer.

Exogenous carbon monoxide (CO) has recently been shown to de-
crease chemotherapeutic resistance and proliferation in various cancer
cell types [7-9]. Our group has recently reported that CO increased the
sensitivity of human breast cancer cells to doxorubicin mediated cell
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Abbreviations

CBS cystathionine p-synthase
CGL cystathionine y-lyase
co carbon monoxide

CTH cystathionine

FBS fetal bovine serum

GSH glutathione

MT metallothionein

NEM N-ethylmalemide

ov OVCAR-5

OVcisR  cisplatin-resistant OVCAR-5
PARP poly (ADP-ribose) polymerase
PMSF phenylmethane sulfonyl fluoride
SKV SKOV-3

SKVcisR  cisplatin-resistant SKOV-3

death by > 40% via the inhibition of endogenous cystathionine p-syn-
thase (CBS) enzymatic activity [10]. CBS is overexpressed selectively in
human breast cancer tissues and not in normal human breast tissues
making it a potential therapeutic target [11]. Interestingly, CBS is
overexpressed in only a few other neoplasms, one of which is ovarian
cancer, where CBS has been implicated in resistance to cisplatin [12].
However, the mitigation of chemotherapeutic drug resistance, using a
pharmacological inhibitor of CBS has not yet been demonstrated in
ovarian cancer cells. This study for the first time assessed the phar-
macological inhibition of CBS by a light-induced CO delivery modality
to counter chemotherapeutic drug resistance in human ovarian cancer
cells. The results underscore the important role of the transsulfuration
pathway in the development of chemotherapeutic drug resistance in
ovarian cancer.

The noxious nature of gaseous CO often poses challenging delivery
issues in hospital settings. To avoid this problem, a designed metal car-
bonyl complex namely [Mn(CO)s(phen)(PTA)]CF3SO3 (phen = 1,10-
phenanthroline; PTA = 1,3,5-triza-7-phosphaadamantane; abbreviated
“photoCORM” hereafter) has been employed as the exogenous CO source
in this study (Scheme 1). This designed manganese carbonyl complex is
water-soluble and rapidly releases CO only when exposed to low-power
(10 mW/cm?) broadband visible light. This photoactive CO-releasing
molecule (photoCORM) has been a convenient source of CO in delivery
under controlled conditions [10,13].

2. Materials and methods
2.1. Materials and reagents

[Mn(CO);(phen)(PTA)]CF3SO; (photoCORM) was synthesized,
analyzed to confirm purity, and applied as previously published
[10,13]. Cisplatin (479306), protease inhibitor cocktail (P8340), pur-
omycin (P8833), N-acetylcysteine (A7250), 3-(4,5-Dimethylthiazol-2-
yD)-2,5-Diphenyltetrazolium Bromide (MTT) and other chemicals were
products of Sigma Aldrich (St. Louis, MO). GYY 4137 (13345) was
purchased from Cayman Chemicals (Ann Arbor, MI). Primary anti-
bodies against CBS (sc-133208), cystathionine y-lyase (CGL, sc-
365382), poly (ADP-ribose) polymerase (PARP-1, sc-56196), Lamin A
(sc-71481), B-tubulin (sc-23949) and Glyceraldehyde 3-phosphate de-
hydrogenase (GAPDH, sc-47724) were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). Mouse monoclonal antibody against
metallothionein (ab12228) and rabbit polyclonal antibody against xCT
(ab 37185) were purchased from Abcam (Cambridge, MA).

2.2. Cell culture

Ovarian cancer cell lines OVCAR-5 (OV), cisplatin-resistant OVCAR-
5 (OVcisR), SKOV-3 (SKV), and cisplatin-resistant SKOV-3 (SKVcisR)
were a gift from Dr. Sivakumar Ramadoss and Dr. Gautam Chaudhuri of
the David Geffen School of Medicine at University of California at Los
Angeles. Cells were grown in 1x RPMI media supplemented with 10%
fetal bovine serum, 100 I.U./mL penicillin and 100 pg/mL streptomycin
at 37 °C + 5% CO». Mycoplasma detection was performed regularly to
confirm its absence with MycoAlert™ Mycoplasma Detection Kit (LT07-
218) from Lonza (Basel, Switzerland). Cells were passaged no more

30

than five times after being received. Unless otherwise indicated, cells
were allowed to seed overnight prior to treatments, then assayed 24 h
post-treatment.

2.3. CO and cisplatin treatments of cells

Cells were seeded overnight, 100 x 10%/well of 6-well tissue culture
dishes or 1 x 10°/well of 100mm tissue culture dishes depending on
the experiment being performed, and incubated at 37 °C + 5% CO, 24 h
prior to cell culture treatments. Cells treated with CO were exposed to
30 M photoCORM in the dark. To control for the effects of the non-CO
backbone of the CO-rel molecule, corresponding control cells
were treated with 30 uM light-inactivated photoCORM (iCORM) in the
dark. Upon addition of photoCORM or iCORM, cells were exposed to
visible light for 30 min at room temperature, then returned back to
37°C + 5% CO,. In experiments involving cisplatin, 20 pM cisplatin or
DMSO vehicle control was administered either by itself or together with
30 uM photoCORM or iCORM. In experiments utilizing NAC, 3 mM NAC
or vehicle control were added to cells along with photoCORM and
cisplatin. Subsequent assays were performed 24 h post-treatment.

2.4. Cell viability (Trypan blue exclusion and MTT) assay

When assessing cell viability via Trypan blue exclusion method,
100 x 10* cells/well of a 6-well tissue culture plate were allowed to
seed overnight in a 37 °C incubator + 5% CO,. The next day, cells were
treated as indicated and allowed to incubate for 24h. Following
treatment, cells were harvested with 1 mL 0.05% Trypsin-EDTA, after
which trypsin was neutralized with 1mL cell culture media

+

Scheme 1. Structure of [Mn(CO)3(phen)(PTA)]CF3SO, the photoCORM used
in this study.
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supplemented with 10% FBS. This cell suspension was then visualized
and quantified using a Vi-Cell XR cell viability analyzer from Beckman
Coulter (Brea, CA). Cell viability was measured 24 h post-treatment and
presented as the mean % of control or comparison group = SEM of
three independent experiments.

In cell viability experiments performed using the tetrazolium dye
MTT, experiments were performed in 96-well tissue culture plates.
Briefly, 4 x 10° cells were allowed to seed overnight in a 37°C in-
cubator + 5% CO,. The next day, cells were treated as indicated, then
assessed for viability 24h post-treatment. Cell culture media was as-
pirated from cells, then replaced with 0.5 mg/mL MTT dissolved in
fresh 1x DMEM and allowed to incubate for 2h in a 37°C in-
cubator + 5% CO,. Number of viable cells was assessed by quantifying
the amount of MTT reduced to insoluble formazan. luble formazan
was solubilized in 10% SDS + 0.01 N HClL. The absorbance at 570 nm,
with reference wavelength at 690 nm, was measured. Data are pre-
sented as average % change += SEM from control(s) of n =3 in-
dependent experiments.

2.5. Western blot analysis

Whole cell lysates were prepared after treatment in RIPA lysis buffer
containing 150 mM NaCl, 5mM EDTA pH 8.0, 50 mM Tris pH8.0, 1%
Triton X-100, 0.5% sodium deoxycholate, 1% SDS and 1x protease
inhibitor cocktail. Soluble lysates were quantified using a Pierce™ BCA
Protein Assay Kit (23225) from ThermoFisher Scientific (Waltham,
MA), 20pg cell lysates from samples were separated on 4-12% SDS-
PAGE gel and transferred to poly(vinylidene difluoride) (PVDF) mem-
brane. Membranes were blocked with 5% nonfat dried milk and in-
cubated for 1h room temperature or 4 °C overnight. Primary (1:1000
dilution) and horseradish peroxidase (HRP)-conjugated secondary
(1:10,000 dilution) antibody incubations were performed at room
temperature for 1h. Immunofluorescent signals were detected with
Pierce ECL Plus Western blotting substrate (32132) from ThermoFisher
Scientific.

2.6. High performance liquid chromatography-mass spectrometry

Glutathione (GSH), y-Glu-Cys, cysteine and cystathionine (CTH)
were measured utilizing high pressure, liquid chromatography-mass
spectrometry (HPLC-MS) as previously described [10]. ~5 x 10° cells
were lysed via three probe sonication in 200 pL of 10 mM N-ethylma-
leimide (NEM) + 10mM ammonium acetate, pH7.4. To the lysate,
800 pL of methanol was added and the samples were vortexed. Samples
were then centrifuged at 16,000 x g for 5min, then supernatants were
collected into microcentrifuge tubes and dried via vacuum centrifuga-
tion. Samples were further dried with 100 pL. methanol, then 100 uL
benzene. The carboxy termini of metabolites were esterified with the
treatment of 100 uL of 3N methanolic HCI for 60 min, 60 °C. Samples
were then dried via vacuum centrifugation, redissolved in 50puL of
water and transferred to liquid chromatography injector vials. Kinetex
XB-C18, 100 x 2.1 mm, 1.7-uym particle size, 100 A pore diameter, re-
verse phase column from Phenomenex (Torrance, CA) column was
equilibrated with 85% 0.1 mM perfluorooctanoic acid in water (eulant
A) and 15% 0.1 mM perfluorooctanoic acid in acetonitrile (eluant B).
Samples were injected onto the equilibriated column and eluted at
100 pL/min with increasing concentration of eluant B (min/% B: 0/15,
5/15, 35/50, 33/ 15, 45/15). The eluants were directed toward an
Agilent Jet Stream electrospray ionization (ESI) source connected to a
triple quadrupole mass spectrometer (Agilent 6460) operating in posi-
tive ion tandem mass spectrometric multiple reaction-monitoring
(MRM) mode. The intensities of the CTH parent to fragment transition
(461 — 318, rt 27.88min), cysteine-NEM conjugate (261 — 244, rt
24.06 min), GSH-NEM conjugate (461 — 318, rt 26.06 min) and y-Glu-
Cys-NEM conjugate (404 — 244, rt 26.59 min) were recorded using
previously-determined settings. Standards were prepared containing
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known concentrations of CTH (0, 20, 40, 40, 80, 160 pmol), cysteine (0,
80, 160, 320, 640 pmol), GSH (0, 200, 400, 800, 1600 pmol) and y-Glu-
Cys (0, 100, 200, 400, 800 pmol). From these standards, calibration
curves were constructed. The amount of the monitored metabolites in
biological samples was calculated by interpolation from the curves.
Signals for monitored metabolites were normalized to total pg protein
and expressed as either average pmol/ug protein OR average percen-
tage/fold-difference from control or comparison group *+ SEM of
n = 3 independent experiments.

2.7. D4-cystine uptake assay and H,S donation

1x DMEM with high glucose but no glutamine, methionine, and
cystine (D0422) was procured from Sigma Aldrich. This media was then
supplemented with 3.97 mM glutamine, 200 uM methionine, 10% FBS
and 200uM D4-CC (DLM-1000-PK), which was purchased from
Cambridge Isotope Laboratories (Tewksbury, MA). ~1 x 10° cells were
seeded in 100 mm tissue culture dishes and allowed to grow for 48 h at
37°C + 5% COy. In experiments where HoS-donor GYY 4137 was used,
either 40 UM GYY 4137 or DMSO vehicle control was added for 48 h.
Cells were harvested and processed in the identical manner described
above (Section 2.6). Reported D4-CC uptake was measured by quanti-
fying intracellular D2-cysteine levels normalized to total ug protein.
Data are presented as average fold-difference from control or compar-
ison group * SEM of n = 3 independent experiments.

2.8. Nuclear fraction enrichment

5 x 10° cells were scraped from 100 mm tissue culture dishes on ice
and washed with cold, 1 x PBS (phosphate buffer saline). Cells were
suspended in cold lysis buffer containing the following: 10 mM HEPES
pH7.7, 10mM KCl, 0.1 mM EDTA, 1mM dithiothreitol (DTT), 0.5%
NP-40, 0.5mM PMSF and protease inhibitor cocktail. Cells were in-
cubated on ice for 15min with intermittent mixing, then centrifuged at
12,000 x g at 4°C for 10 min. The supernatant was collected as the
cytosolic enriched fraction. The nuclear pellet was washed three times
with cold lysis buffer, then resuspended in cold nuclear extraction
buffer containing 20 mM HEPES pH7.5, 400 mM NaCl, 1 mM EDTA,
1 mM DTT, 1 mM PMSF and protease inhibitor cocktail. After incuba-
tion on ice for 30 min, the enriched nuclear fraction was collected by
centrifugation at 12,000 xg at 4°C for 15min.

2.9. Gene silencing experiments

Stable silencing of CBS expression in OVcisR and SKVcisR was
achieved utilizing short hairpin RNA (shRNA) packaged in lentiviral
particles purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Cells were transfected with shRNA complimentary to CBS mRNA (sc-
60335-V) and selected for in the presence of 1ug/mL puromycin to
generate CBS-silenced cell lines OVcisR(shCBS) and SKVcisR(shCBS).
Cells were transfected with scrambled shRNA (sc-108080) and selected
for in the presence of 1pug/mL puromycin to generate transfection
control cell lines OVcisR(scram) and SKVcisR(scram).

2.10. Statistical analysis

Data are presented as means = SEM of n = 3 independent experi-
ments. Statistical comparison between two groups was performed using
a two-tailed, paired Student's t-test, while comparisons between more
than two groups was performed using ANOVA with post hoc Tukey's
test. p values < 0.05 were considered statistically significant
(*p < 0.05). Regression analysis and IC50/ED50 estimations were
determined using GraphPad Prism purchased from GraphPad Software
(La Jolla, CA).
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3. Results cancer cells to chemotherapeutics [7,9,10], though cisplatin resistance

and ovarian cancer had yet to be addressed. In this study, we wanted to
3.1. Cisplatin-resistant ovarian cancer cell lines were re-sensitized to assess the ability of CO, delivered by 30 pM photoCORM, to sensitize
cisplatin upon co-treatment with CO established cisplatin-resistant ovarian cancer cells. 30puM of photo-

CORM was used in this study because CO concentrations higher than
Previous studies have demonstrated the ability of CO to sensitize that delivered from > 30uM photoCORM, were cytotoxic to the cells
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Fig. 1. Cisplatin-resistant ovarian cancer cell lines are sensitized to cisplatin upon ¢ with carbon ide (CO), delivered from a photo-activated CO-
releasing molecule (photoCORM). (a) Dose-dependency of cisplatin on cell viability in cisplatin-sensitive and resistant cell lines. Cells were treated with 0-40 uM
cisplatin and/or DMSO vehicle control. Cell viability was then measured 24 h post-treatment via Trypan blue exclusion. Data are presented as average % of O uM
cisplatin + SEM of n = 3 independent experiments. (“p < 0.05). (b) Cell viability 24 h post-treatment, as measured by trypan blue exclusion, of cisplatin-resistant
ovarian cancer cell lines, assessing the ability of CO to sensitize cisplatin-resistant ovarian cancer cell lines cells to cisplatin. iCORM, photo-inactivated photoCORM,
was used as control for the non-CO scaffolding of the photoCORM. In lieu of cisplatin treatment, cells were treated with DMSO as vehicle control. Data are presented
as average percentages of “Control” + SEM of n = 3 independent experiments. (*p < 0.05). (¢) Immunoblot of 20 ug whole cell lysate for cleaved PARP-1 in
cisplatin-resistant ovarian cancer cell lines treated with CO and/or cisplatin. GAPDH was probed to assess equal protein loading. Blots presented are representative
blots of n = 3 independent experiments.
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used in this study (Supporting information, Fig. S1). Cisplatin-resistant
versions of ovarian cancer cell lines OVCAR-5 and SKOV-3 (abbreviated
OVcisR and SKVcisR respectively) were assessed for their resistance to
therapeutically relevant concentrations of cisplatin compared to their
respective parent cancer cell lines, OVCAR-5 and SKOV-3 (abbreviated
OV and SKV respectively). Dose-response experiments revealed that
OVecisR, and SKVcisR exhibited significant cisplatin resistance, with >
2-fold increased ED50 values for cisplatin compared with OV and SKV
respectively (Fig. 1a). Because CO has been shown to sensitize certain
cancer cells to chemotherapeutics, we wanted to assess whether CO,
delivered from a photoCORM, could work similarly in an ovarian
cancer model, attenuating drug resistance for platinum-based che-
motherapies in ovarian cancer cell lines. To determine this, we treated
cisplatin-resistant cell lines, OVcisR and SKVcisR, with 30 uM photo-
CORM and 20 uM cisplatin and compared these cell viability to cells
treated with cisplatin alone. We observed that CO significantly en-
hanced the ability of cisplatin to reduce cell viability of cisplatin-re-
sistant cell lines compared with cisplatin treatment alone (Fig. 1b).
OVcisR and SKVcisR cells treated with cisplatin alone exhibited ~40%
and ~29% decreases in cell viability, which was enhanced > 2-fold in
both cell lines by CO, delivered from 30uM photoCORM (Fig. 1b).
Light-inactivated photoCORM (iCORM) neither significantly alter cell
viability itself nor enhanced the cytotoxicity of cisplatin toward OVcisR
and SKVcisR (Fig. 1b), demonstrating the negligible effect of the mo-
lecular scaffolding of the photoCORM toward increasing cisplatin sen-
sitivity in OVcisR and SKVcisR. Lower doses of photoCORM also sen-
sitized cisplatin-resistant cells to cisplatin in a concentration-dependent
manner (Supporting information, Fig. $2). To determine whether the
actions of CO and cisplatin together were apoptotic in nature, we as-
sessed PARP-1 cleavage. Indeed, the sensitization of OVcisR and
SKVcisR to cisplatin by co-treatment with 30 uM CO corresponded to
increased PARP-1 cleavage in whole cell lysates, indicating an apoptotic
process (Fig. 1c). Interestingly, we found 24 h treatment with that co-
addition of 3 mM N-acetylcysteine (NAC), an antioxidant and efficient
donor of cysteine, for 24 h was able to largely reverse CO's ability to re-
sensitize of OVcisR and SKVcisR to cisplatin (Supporting information,
Fig. §3). This finding indicated that NAC, and its effect on OVcisR and
SKVcisR, disrupted the cellular processes by which CO sensitizes these
cells to cisplatin. Since NAC is an efficient donor of cysteine, we mea-
sured steady state levels of intracellular cysteine by HPLC-MS. Indeed,
3mM NAC treatment for 24 h increased intracellular levels of cysteine
in ~4.4-fold in OVcisR and ~3.8-fold in SKVcisR compared with re-
spective vehicle controls (Supporting information, Fig. S4). Together,
these findings regarding NAC suggested that intracellular levels of cy-
steine, a sulfur-containing amino acid, might be mechanistically im-
portant for the cisplatin-resistance phenotype in OVcisR and SKVcisR.

3.2. Cisplatin resistance in ovarian cancer cells was associated with
increased expression and activity of CBS

Cisplatin resistance is attributed to increased drug inactivation by
sulfur-containing nucleophilic species GSH and nuclear metallothionein
(MT) binding and inactivating the drug [14,15]. Increased generation
of GSH and MT places a significant demand for cysteine, as both GSH
and MT require the same sulfur-containing amino acid. One of the
major sources of cysteine can be from the enzymatic actions of CBS and
cystathionine y-lyase (CGL), transsulfuration pathway enzymes that
convert homocysteine to cysteine [16]. Inmunoblot analysis of 20 ug
whole cell lysates revealed dramatically increased expression of both
CBS and CGL, transsulfuration pathway enzymes, in cisplatin-resistant
versus the corresponding sensitive cells (Fig. 2a). Additionally, steady
state levels of intracellular CTH, the enzymatic product of CBS, was
present ~3.1-fold more in OVcisR and ~7.5-fold more in SKVcisR
versus cisplatin-sensitive cell lines OV and SKV respectively (Fig. 2b).
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3.3. Cisplatin-resistant ovarian cancer cell lines exhibited increased uptake
of cystine and steady state levels of cysteine versus corresponding cisplatin-
sensitive cell lines

In addition to overexpressing CBS, cisplatin-resistant ovarian cancer
cell lines OVcisR and SKVcisR also exhibited overexpression of CGL
(Fig. 2a), an enzyme downstream of CBS in the transsulfuration
pathway. CGL breaks down CTH into the amino acid cysteine, which,
like CTH, was found at higher steady state levels in cisplatin-resistant
cell lines, ~2.7-fold more in OVcisR and ~1.4-fold compared to cis-
platin-sensitive cells (Fig. 3a). CGL, however, is only one of several
processes by which cysteine levels are regulated in the cell. In addition
to the generation of cysteine through the transsulfuration pathway,
uptake of cystine, an oxidized disulfide of two cysteine molecules, by
the glutamate/cystine antiporter (xCT) is known to be an important
source of intracellular cysteine for cancer cells, including ovarian
cancer [18]. Furthermore, certain cisplatin-resistant ovarian cancer
cells are reported to have increased cystine-uptake via xCT [18]. In
consideration of this alternate source of cysteine, we measured relative
uptake of extracellular deuterium-labeled cystine (D4-CC) by cisplatin-
resistant ovarian cancer cells compared to their respective cisplatin-
sensitive counterparts. The relative uptake of D4-CC was quantified by
measuring intracellular levels of heavy labeled cystine and cysteine
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Fig. 2. Cystathionine f-synthase (CBS) expression and activity correlates with
cisplatin-resistance in ovarian cancer cells. (a) Immunoblot for CBS and cy-
stathionine y-lyase (CGL) of 20 ug whole cell lysate of ovarian cancer cells, both
cisplatin-sensitive and cisplatin-resistant cells. GAPDH expression was used as a
loading control. Blots are representative of n = 3 independent experiments. (b)
Steady state levels of cystathionine (CTH) in ovarian cancer cell lines, as de-
termined by HPLC-MS. Data presented as average pmol CTH per ug
protein + SEM of n = 3 independent experiments. (*p < 0.05).
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Fig. 3. Cisplatin-resistant ovarian cancer cell lines, OVcisR and SKVcisR,
maintain higher levels of int lar cysteine with cispl
tive cell lines. (a) Steady state levels of cysteine in OVcisR and SKVcisR, cis-
platin-resistant ovarian cancer cell lines, compared with OV and SKV, cisplatin-
sensitive ovarian cancer cell lines. Data are presented as average pmol cysteine/
pg protein + SEM of n = 3 independent experiments. (“p < 0.05) (b) Relative
uptake of D4-cystine (D4-CC) by OVcisR and SKVcisR compared to OV and SKV
respectively. Data expressed as average fold difference from OV and
SKV + SEM of n=3 independent experiments. (“p < 0.05). (e)
P ive i lot of three independ experiments, showing the
relative expression of xCT in 20 pg whole cell lysate of cisplatin-sensitive and
cisplatin-resistant cell lines. GAPDH was used as a loading control.

in-sensi-

(D4-CC and D2-cystine respectively). We observed cisplatin-resistant
cells, OVcisR and SKVcisR, contained ~2.1 and ~3.4 times more in-
tracellular D2-cysteine (the reduced form of D4-CC) than OV and SKV,
their respective cisplatin-sensitive cells, indicating a greater capacity to
uptake cystine (Fig. 3b). Intracellular D4-CC was not detected at levels
above background (data not shown). This is in accordance with pre-
vious observations because intracellular cystine is quickly reduced to
two cysteine residues, due to the reducing environment of the cytosol
[18]. Despite the increased uptake of cystine in cisplatin-resistant cells,
xCT protein expression was not remarkably different between the
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Fig. 4. Glutathione (GSH) and metallothionein (MT) are up regulated in cis-
platin-resistant ovarian cancer cell lines. (a-b) Steady state levels of y-Glu-Cys
and GSH as measured by HPLC-MS in cisplatin-resistant cell lines, OVcisR and
SKVcisR, and cisplatin-sensitive cell lines, OV and SKV. Data are presented as
average pmol metabolite per total pg protein + SEM of n = 3 independent
experiments. (*p < 0.05). (¢) Immunoblot of MT in 15ug nuclear-enriched
fractions of ovarian cancer cells. Lamin A was probed for determining equal
loading of nuclear fractions. Blot is representative of n = 3 independent ex-
periments.

cisplatin-resistant and cisplatin-sensitive cells (Fig. 3c). This suggested
that xCT activity per se, and not its expression, was important for the
differential uptake of D4-CC.
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3.4. GSH and MT were found at increased levels in cisplatin-resistant
ovarian cancer cell lines compared with cisplatin-sensitive ovarian cancer
cell lines

Next, we wanted to determine whether increased cysteine levels
observed in cisplatin-resistant cell lines was correlated with increased
biosynthesis of GSH and MT, cysteine-containing species that bind and
inactivate cisplatin [14]. y-Glu-Cys, the product of the rate-limiting step
in the biosynthesis of GSH, was present at higher steady state levels,
~1.6-fold higher in OVcisR and ~1.4-fold higher in SKVcisR, versus OV
and SKV respectively (Fig. 4a). Further connecting the dependence of y-
Glu-Cys with intracellular cysteine, 3mM NAC significantly increased
steady state levels of y-Glu-Cys: > 2-fold in both OVcisR and SKVcisR
(Supporting information, Fig. S5). Such increased levels of y-Glu-Cys in
OVcisR and SKVcisR were supported by concomitant increases in the
steady-state levels of GSH. Intracellular levels of GSH were ~2.4-fold
higher in OVcisR and ~1.4-fold higher in SKVcisR when compared with
OV and SKV, their respective, cisplatin-sensitive, parent cell lines
(Fig. 4b). NAC-treated OVcisR and SKVcisR cells both exhibited ~3.4-
fold and ~2.4-fold higher steady state levels of GSH compared with
their respective, vehicle treated controls (Supporting information, Fig.
$6), demonstrating intracellular cysteine levels can influence GSH le-
vels in cisplatin-resistant ovarian cancer cells.

In addition to GSH, MT, a cysteine-rich protein, is known to bind
and inactivate cisplatin specifically when localized in the nucleus
[14,15]. Qualitative measurement of nuclear MT indicated that OVcisR
and SKVcisR cells exhibited considerably increased expression of nu-
clear MT when compared with OV and SKV cells (Fig. 4c). Addition of
3mM NAC, a donor of cysteine, also resulted in modest increased nu-
clear MT expression as determined by Western analysis (Supporting
information, Fig. 7). Together, these findings demonstrate the im-
portance of elevated, intracellular cysteine levels toward maintaining
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higher levels of GSH and nuclear MT, thiols known to bind and in-
activate cisplatin.

3.5. Stable silencing of CBS expression in cisplatin-resistant ovarian cancer
cell lines sensitized those cells to cisplatin

We next wanted to assess if and, if so, how CBS expression/activity
was imparting cisplatin resistance. Toward this end, we prepared
stable, lentiviral-mediated CBS-silenced cisplatin-resistant ovarian
cancer cell lines [OVcisR(shCBS) and SKVcisR(shCBS)]. Western ana-
lysis on whole cell lysates of OVcisR(shCBS) and SKVcisR(shCBS) re-
vealed decreased CBS protein expression in those lysates compared to
control shRNA-transfected cells OVcisR(scram) and SKVcisR(scram)
respectively (Fig. 5a). Reduced expression of CBS also resulted in re-
duced bioactivity, as measured by its enzymatic product CTH. Steady
state levels of CTH in OVcisR(shCBS) were ~51% lower compared to
transfection control OVcisR(scram) (Fig. 5b, left). Similarly, SKVcisR
(shCBS) exhibited ~31% lower levels of intracellular CTH when com-
pared to SKVcisR(scram) (Fig. 5b, right). To determine whether CBS
over-expression in cisplatin-resistant cell lines was at least in part
mediating cisplatin resistance, we measured the effects of cisplatin on
cell viability in CBS-silenced cells versus scrambled controls. OVcisR
(shCBS) and SKVcisR(shCBS), over a range of concentrations of cis-
platin, exhibited significantly reduced cell viability compared to OV-
cisR(scram) and SKVcisR(shCBS) respectively (Fig. 5c). Calculated
EDS50 values for cisplatin in OVcisR(shCBS) an SKVcisR(shCBS) were
~2.5uM and ~3.6 pM respectively. These values were lower than the
ED50 values for OVcisR(scram) and SKVcisR(scram), ~11puM and
~30 uM respectively, reflecting increased sensitivity to cisplatin due to
silencing CBS (Fig. 5¢).
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Fig. 5. Silencing cystathionine -synthase (CBS) protein expression cisplatin resi: in cisplatin-resistant ovarian cancer cell lines OVcisR and SKVcisR.

(a) Immunoblot for CBS of 20 ug whole cell lysate to measure efficacy of lentiviral-mediated gene silencing of CBS. Blots are representative of n = 3 independent
experiments. (b) Intracellular cystathi (CTH), as d by HPLC-MS, to determine relative CBS enzymatic activity in CBS-silenced cell lines versus scrambled
controls. Data presented as average pmol CTH per total ug protein + SEM of n = 3 independent experiments. (c) Graph depicting the dose-dependency of cisplatin
on cell viability 24 h post-treatment in cisplatin-resistant cell lines silenced for CBS (shCBS) versus those treated with scrambled controls (scram). EDS0 values
calculated from modeling of data shown. Data presented as average percentage of 0 pM cisplatin treatment + SEM of n = 3 independent experiments. (p < 0.05).
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3.6. CBS-silencing in cisplatin-resistant ovarian cancer cell lines decreased
steady state levels of intracellular cysteine

Intracellular cysteine levels were ~60% lower in OVcisR(shCBS)
and ~77% in SKVcisR(shCBS) compared to their respective scrambled
lentiviral controls OVcisR(scram) and SKVcisR(scram) (Fig. 6a). CBS-
silenced cell lines exhibited =50% reduced D4-CC uptake compared
with their respective controls (Fig. 6b) strongly implicating a role for
CBS in regulating cystine uptake. The uptake of cystine, as addressed in
Results Section 3.3, may be dependent on the activity and/or expres-
sion of xCT. Expression of xCT was however not noticeably different
compared with respective scrambled controls (Fig. 6¢). To partially
elucidate the connection between CBS and cystine uptake, we turned
our attention to H,S. H,S is a possible enzymatic product of CBS,
whereby CBS catalyzes the condensation of homocysteine with cy-
steine, rather than serine [18]. It has been shown that H,S can allos-
terically upregulate xCT activity and cystine uptake in neurons [19],
though it had not yet been demonstrated in ovarian cancer cells. We
therefore wanted to determine if H,S could at least partially restore the
attenuated uptake of D4-CC. CBS-silenced cells treated with 40 pM GYY
4137, a slow releaser of H,S, exhibited significant yet highly variable
increases in D4-CC uptake versus those cells treated with vehicle con-
trol: > 600% in OVcisR(shCBS) and > 33% in SKVcisR(shCBS)
(Fig. 6b).

3.7. Cystathionine B-synthase (CBS) in cisplatin-resistant ovarian cancer
cell lines regulated GSH biosynthesis and expression of nuclear MT

In our next step we sought to determine whether the observed re-
duction in steady state levels of cysteine, caused by CBS-silencing
(Fig. 6a), affected the biosynthesis of GSH. Steady state levels of y-Glu-
Cys, the metabolic precursor to GSH, were significantly lower, ~30%
less in OVcisR(shCBS) and ~60% less in SKVcisR(shCBS) versus OVcisR
(scram) and SKVcisR(scram) respectively (Fig. 7a). Additionally, we
observed steady state levels of GSH in CBS-silenced cell lines, 63 pmol/
ug in OVcisR(shCBS) and 58 pmol/ug SKVcisR(shCBS), were > 50%
lower than that observed in scrambled controls, 130 pmol/ug in OVcisR
(scram) and 150 pmol/pg in SKVcisR(scram) (Fig. 7b). CBS-silenced cell
lines also expressed relatively less nuclear MT compared with scram-
bled controls (Fig. 7c).

3.8. CO inhibited CBS, thereby decreasing nuclear metallothionein and GSH

Following confirmation of a substantial connection between CBS
and cisplatin-resistance in OVcisR and SKVcisR, we investigated whe-
ther CO-induced sensitization of cisplatin-resistant cells to cisplatin
(Fig. 1b—c) was in part mediated by inhibition of CBS and the sub-
sequent suppression of nuclear MT and GSH. CO, delivered by 30 uM
photoCORM, significantly lowered CBS bioactivity, as measured by
decreased steady state levels of intracellular CTH. CTH decreased ~2.7-
fold in OVcisR and ~4.5-fold in SKVcisR (Fig. 8a). In a similar manner
to lentiviral-mediated silencing of CBS (Fig. 6a), CO treatment reduced
steady state levels of cysteine > 55% in the both cisplatin-resistant cell
lines, OVcisR and SKVcisR (Fig. 8b). Concomitantly, CO reduced D4-CC
uptake, ~73% in OVcisR and ~56% in SKVcisR (Fig. 8c). Steady state
levels of y-Glu-Cys, the product of the rate-limiting step of GSH
synthesis, was also significantly lower in cisplatin-resistant cells treated
with CO, ~63% lower in OVcisR and ~66% lower in SKVcisR, versus
respective controls (Fig. 8d). Expression of nuclear MT, the thiol-con-
taining peptide that is known to bind and inactivate cisplatin, was also
lower in OVcisR and SKVcisR cells following treatment with CO
(Fig. 8e). Treatment of cells with CO significantly lowered steady state
levels of GSH in cisplatin-resistant cells, by ~40% in OVcisR and 65%
SKVcisR (Fig. 8f).
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4. Discussion

The results reported above require critical evaluation. In previous
studies, investigators have shown that silencing of CBS (by lentiviral
transduction) enhances drug sensitivity in cisplatin-resistant ovarian
cancer cells [12]. Also, CO delivered by tricarbonyldichlororuthenium
(I) dimer, has been shown to promote global methylation in U937
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Fig. 6. C hionine B-synth (CBS) in cisplati ovarian

cancer cells correlates to the bioavailability of cysteine. (a) Steady state levels
of intracellular cysteine, as measured by HPLC-MS, normalized to pg protein.
Data presented as averages + SEM of n = 3 independent experiments. (b)
Relative D4-cystine (D4-CC) uptake from e llular media in CBS-silenced
cells. Cells treated with either 40 pM GYY or DMSO vehicle control, then in-
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Expression of xCT in 20 ug whole cell lysates of CBS-silenced ovarian cancer
cells versus respective scrambled controls. GAPDH was used as a loading con-
trol. Blot ive of n = 3 ind dent experiments.
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human monoblastic leukemia cell, presumably by CO-mediated in-
hibition of CBS [20]. However, direct demonstration of a viable phar-
macological inhibition of CBS to alleviate drug resistance in ovarian
cancer has not been achieved. The present study for the first time
provides evidence that CO, delivered from a photoCORM, inhibits CBS
and such delivery could be a viable option to circumvent chemo-re-
sistance in ovarian cancer. Specific small molecule inhibitors of CBS,
such as benserazide, have shown promise in eradicating cancer cells
[21]. However, if further developed, these could only be used as a
systemic therapy that will not spare normal cells. Such systemic therapy
will result in serious adverse side effects, as CBS in the liver is the
primary source of GSH, the major antioxidant in physiology [22]. On
the other hand, light-activated CO delivery via appropriate catheters,
prototypes for which have already been developed in our laboratory
[23], could be used to inhibit CBS locally in accessible cancer tissues.
This would bypass systemic delivery and increase the exposure of af-
fected tissues to effective concentrations of the inhibitor and at the
same time minimize adverse side effects. In fact the feasibility of CO-
releasing molecules for cancer treatment has recently been reviewed
[24].

Platinum-containing anti-cancer drugs react readily with the sulfur-
containing amino acids in proteins namely methionine and cysteine.
Unlike methionine, whose reaction with platinum is readily reversible
by replacement with thiols or nucleotide bases, the cysteine-platinum
complex is more stable [25]. Therefore, cysteine-rich proteins such as
GSH and MT, both of which are present at high concentrations in the
cancer cell, readily bind and inactivate platinum drugs. Indeed, for-
mation of a cisplatin-(GS), complex has been characterized (by NMR
spectroscopy and HPLC-atomic absorption spectroscopy) in vitro and in
vivo (in murine L1210 cells) in addition to efflux of the complex across
the cell membrane [26]. Along the same line, formation of a ternary
complex between MT and Platinum-DNA adduct followed by release of
platinum from the DNA (and formation of [(NH3),Pt(S,-MT)] species)
has been suggested to modulate DNA-repair and gene transcription
leading to drug resistance [27]. Inmunohistochemical MT expression in
various human tumours has been associated either with processes re-
lated to carcinogenesis or with resistance against radiation and che-
motherapy [28]. In ovarian tumours an increasing percentage of MT
expression has been observed during the progression of malignancy
[29]. Results shown in Fig. 8 now clearly indicate that CO-mediated
CBS inhibition leads to the reduction of both GSH and MT (implicated
in cisplatin inactivation) in ovarian cancer cells. Our observations are
supported by earlier findings that CBS positively regulates GSH levels in
breast cancer cells [11]. The fact that exogenous CO could interfere with
MT expression as well in refractory ovarian cancer cells, is in itself a novel
finding in this study. The data that CBS silencing could lower levels of
nuclear MT underlines the important role of CBS in regulating two
major thiol moieties (GSH and MT) implicated in chemotherapeutic
drug resistance [28-31]. Nuclear MT expression is induced by cisplatin
and seems to protect DNA in cells from toxic effects of the drug. The
proportion of the individual contributions of GSH and MT in in-
activating cisplatin is however not explored in this work.

Increases in GSH and MT require adequate maintenance of in-
tracellular cysteine levels. The intimate connection between GSH/MT
and intracellular cysteine is highlighted by the ability of extracellular
treatment of cisplatin-resistant ovarian cancer cells with NAC.
Treatment of OVcisR and SKVcisR with 3mM NAC treatments increased
both GSH and nuclear MT (Fig. S6 and S7, Supporting information).
These results strongly suggest that regulation of sulfur metabolism in
cisplatin-resistant ovarian cancer cells by CBS consists of two processes:
flux through the transsulfuration pathway and uptake of extracellular
cystine. Previous studies have shown that some cancer cell types
maintain intracellular cysteine levels by importing cystine via the glu-
tamate/cystine antiporter, xCT [32,33]. Elevated expression and ac-
tivity of xCT in response to oxidative stress has been reported in breast
cancer cells, alluding to a role for xCT toward protecting cancer cells
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Fig. 8. Carbon monoxide (CO) inhibits CBS activity in cisplatin-resistant ovarian cancer cell lines OVcisR and SKVcisR. (a) CBS activity as measured by intracellular
cystathionine (CTH). Levels of (b) cysteine, (d) y-Glu-Cys and (f) GSH as measured by HPLC-MS in cisplatin-resistant ovarian cancer cell lines (normalized to total pg
protein). Cells treated with either 30 pM photoCORM or 30uM of inactivated photoCORM (iCORM) for 24 h. Data presented as averages + SEM of n = 3 in-

dependent experiments. For GSH, data presented as average pmol GSH/ug protein

+

SEM of n = 3 independent experiments (*p < 0.05). (¢) Effect of 30 uyM

photoCORM treatment on D4-cystine (D4-CC) uptake in OVcisR and SKVcisR. Cells grown for 48h in media supplemented with D4-CC. Data presented as average
fold difference from “iCORM” control + SEM of n = 3 independent experiments. (e) Immunoblot of MT expression in 15 pg nuclear enriched fractions of cisplatin-
resistant cell lines. Cell treated with 30 uM photoCORM or respective iCORM controls for 24 h prior to nuclear fraction isolation.

against oxidative stress induced loss of cell viability (a mechanism often
exploited by chemotherapeutic drugs) [34]. Overexpression of xCT has
been shown to increase intracellular GSH and increase resistance to
cisplatin [17]. In addition, loss of xCT from cancer cells resulted in
suppressed tumor growth of gastric cancer in pre-clinical models [35].
In cisplatin-resistant ovarian cancer cells, we observed increased xCT
activity, but not increased expression per se. We have provided strong
evidence for the regulation of xCT activity by CBS via H,S, as lentiviral-
mediated silencing of CBS in OVcisR(shCBS) and SKVcisR(shCBS) re-
duced the activity of xCT, which was partially reversed by the addition
of exogenous H,S, known to allosterically increase xCT activity
(Fig. 6b) [19]. To the best of our knowledge, this is the first report that
demonstrated that CBS can upregulate GSH synthesis independent of
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the transsulfuration pathway in cancer cells by inducing the upregu-
lation of cystine uptake in cancer cells. This study further emphasized
that CO mediated inhibition of CBS could exploit this mechanism to
compromise the anti-oxidant potential of cancer cells resulting in their
increased sensitivity to cisplatin.

The importance of overexpression of CBS in imparting cisplatin
resistance was observed in SKV cells, which despite being sensitive to
cisplatin, express detectable levels of CBS and CGL. This is in contrast to
OV cells, where the expression of CBS and CGL is nearly undetectable.
Interestingly, regression analysis of the effects of cisplatin on ovarian
cancer cell lines in this study revealed that the ED50 of cisplatin for SKV
cells is higher than that of OV cells (5.5 uM versus 2.3 uM, respectively,
data not shown). The lower sensitivity of SKV cells to cisplatin versus
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OV (Fig. 1a) could possibly be attributed to the higher protein ex-
pression of CBS and CGL in the former (Fig. 2a).

Finally, it is important to note that overexpression of CBS is ob-
served in select malignancies, namely breast and ovarian cancers while
the corresponding normal tissues in all such cases exhibit very low le-
vels of expression or none at all [36]. For this reason, CBS could be an
important target in case of these two types of cancer where modulation
of CBS activity by exogenous CO could thwart resistance to conven-
tional chemotherapy. The effect of CO on non-transformed ovarian
tissues in the context of resistance to cisplatin is intriguing, as the effect
(s) of CO in non-cancerous cells are likely independent of CBS. Eluci-
dation of other binding partners of CO in non-transformed ovarian cell
lines could be an interesting follow-up study.

5. Conclusions

Previous work from this laboratory demonstrated that light-trig-
gered CO delivery by the photoCORM can attenuate antioxidant capa-
city in human breast cancer cells through inhibition of CBS and sensi-
tizes such cells to doxorubicin and paclitaxel [10]. Sensitization of
human ovarian cancer cells to cisplatin therapy through administration
of CO now demonstrates the general concept of CBS inhibition as a
treatment modality to overcome chemoresistance encountered in
ovarian cancer therapy. Strategies that overcome cisplatin resistance
may dramatically reduce the mortality of ovarian cancer [4]. Here we
have presented that CO, delivered from a photoCORM, sensitizes es-
tablished cisplatin-resistant cell lines to cisplatin. Furthermore, we have
provided strong evidence that the effects of CO in circumventing che-
motherapeutic drug resistance is at least in part mediated by the in-
activation of endogenous CBS (as evidenced by the reduction in CTH,
the direct metabolic product of CBS).
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Figure S1. Carbon monoxide (CO), delivered from > 30 uM photoCORM, is lethal to
cisplatin resistant ovarian cancer cell lines. Cell viability of cisplatin-resistant cells
OVcisR (top) and SKVcisR (bottom), determined by trypan blue exclusion, 24 h post-
treatment with varying doses of CO, delivered from the indicated concentration of
photoCORM. Data presented as average % change from 0 pM photoCORM treatment
+/- SEM of n=3 independent experiments. (*p<0.05)
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Figure S2. Carbon monoxide (CO), delivered from photoCORM, sensitizes cisplatin-
resistant cells to cisplatin in dose-dependent manner. Cell viability, measured by
reduction of tetrazolium dye 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT). Cisplatin-resistant cells (OVcisR) treated with vehicle control, cisplatin
and/or photoCORM for 24 h. Data presented as average % of Control +/- SEM of n=3

experiments (*p<0.05).
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Figure S3. N-acetyl-cysteine (NAC) reverses the cytotoxic effects of combined carbon
monoxide (CO)-cisplatin treatment in cisplatin-resistant ovarian cancer cell lines OVcisR
(left) and SKVcisR (right). Cells treated with 3mM NAC, 30 pM photoCORM, 20 pM
cisplatin or vehicle control(s) as indicated. Cell viability assessed 24 h post-treatment by
reduction of tetrazolium dye 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT). Data are presented as average % of “Control” +/- SEM of n=3
experiments. (*p<0.05).
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Figure S4. Extracellular treatment of cisplatin-resistant ovarian cancer cell lines with N-
acetylcysteine (NAC) significantly increases steady state levels of intracellular cysteine.
Intracellular cysteine levels quantified via high pressure, liquid chromatography-mass
spectrometry (HPLC-MS) in cisplatin-resistant cell lines OVcisR and SKVcisR. Cells
treated with 3mM NAC or vehicle control for 24 h. Data presented as average % of
“Control” +/- SEM of n=3 independent experiments (*p<0.05).
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Figure S5. Upon treatment with N-acetylcysteine (NAC), steady state levels of y-Glu-
Cys increase significantly in cisplatin-resistant cell lines. Measurement of intracellular y-
Glu-Cys by high pressure, liquid chromatography-mass spectrometry (HPLC-MS). Cells
treated with vehicle control or 3mM NAC for 24 h. Data are presented as average % of
Control +/- SEM of n=3 independent experiments, (¥*p>0.05).

i OVcisR . SKVecisR
§ _ 400.00 + g _ 300.00
2= 59
& £ 300.00 9§ 200.00
= 8 200.00 E3
5 % @5 100.00
O 3 100.00 V=
2 0.00 E 000
S > O &
& ¥
o ®

Figure S6. Steady state levels of intracellular glutathione (GSH) increase in cisplatin-
resistant ovarian cancer cell lines upon treatment with N-acetylcysteine (NAC). GSH
levels, as measured by high pressure, liquid chromatography-mass spectrometry (HPLC-
MS) after treatment with vehicle control or 3 mM NAC for 24 h. Data presented as
average % of Control +/- SEM of n=3 independent experiments, (*p<0.05).
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Figure S7. Expression of nuclear metallothionein (MT) increases in cisplatin-resistant
ovarian cancer cells upon treatment with N-acetylcystiene (NAC). Immunoblot of 10
pg/lane of nuclear fractions of whole cell lysate of cisplatin-resistant ovarian cancer cell
lines OVcisR (left) and SKVcisR (right) for metallothionein (MT) or Lamin A loading
control. Cells treated with vehicle control or 3mM NAC for 24h. Blots are representative
of n=3 experiments.
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Chapter 4

Antigen-specific delivery of carbon monoxide through a new class of antibody-

drug conjugate

Table 4.1 Table of Content

4.1 Background

The challenge of delivering efficacious concentrations of CO to a target tissue has
been approached by our group and others by synthesizing CO-releasing molecules
(CORMs) with properties necessary for a potential therapeutic, including water
solubility,' incorporation within biocompatible materials>® and controllable release of
CO.*" Very recently, with the use of photoactivatable CORMs (photoCORM:s) our
group has elucidated mechanism(s) by which CO exerts deleterious effects against
human breast and ovarian cancer cell models.*” In such studies we have observed

sensitization of ovarian cancer cells to drugs like cisplatin and paclitaxel through co-
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administration of CO.” Because sensitization to conventional chemotherapeutics
could mitigate the poor outcome of ovarian cancer treatment, precise target-specific

delivery of CO to the malignant tissue appears to be a very desirable goal.

Although a number of CORMs and photoCORMs has been developed in
recent years,”’ most have notably lacked the ability to highly discriminate between
targeted versus non-targeted tissues. With this in mind, we sought to conjugate a
photoCORM to a monoclonal antibody with the goal of improving target specificity
of CO-release. Antibody-drug conjugates (ADCs) are fast emerging as an effective
strategy for anticancer therapies. In most cases small molecule drugs are combined
with monoclonal antibodies to achieve high selectivity.” Conjugation of
photoCORMs (i.e. the warhead) to monoclonal antibodies using a biotin-streptavidin
linker is a novel, currently unexplored and potentially effective strategy that could be

employed for the controlled delivery of CO to specific tissues.

Herein we report the successful conjugation of a biotinylated-photoCORM to
streptavidin-conjugated mouse monoclonal immunoglobulin G (IgG) antibodies to
isolate Ab-photoCORMs for the controlled delivery of CO to ovarian cancer cell
cultures with high specificity. Utilizing different monoclonal antibodies, a family of
Ab-photoCORMs was synthesized with the goal of localizing and delivering
cytotoxic levels of CO to ovarian cancer cells expressing different tumor-specific
surface antigens. To the best of our knowledge, this communication is the first report

of an antibody-drug conjugate in which the drug is a gaseous molecule, namely CO.
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4.2 Synthesis of biotinylated, photo-activatable carbon monoxide-releasing

molecule

The present work wutilized a designed photoCORM [Mn(CO);(phen)(4-
pyAD](CF3;SO;) (where phen = 1,10-phenanthroline, 4-pyAl = pyridine-4-

carboxaldehyde) as the photoactivatable CO donor.
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Figure 4.1. Structure of biotinylated photoCORM (Complex 1). Abbreviations:
photoactivatable carbon monoxide-releasing molecule, photoCORM.

Biotinylation of this photoCORM (Figure 4.1, Complex 1) was achieved through

reaction with biotin-hydrazide in trifluoroethanol at room temperature (Figure 4.2).
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Figure 4.2. Synthetic scheme for Complex 1: a biotinylated, photoactivatable CO-
releasing molecule (photoCORM).

The composition of Complex 1 was confirmed by electrospray ionization Fourier
Transform mass spectrometry (ESI FTMS); (M") m/z = 666.13539 (calculated for

C31H20N705SMn: 666.13313, A ppm = 3.4 ppm, A mDa = 2.2 (Figure 4.3), and 'H

NMR (Figure 4.4).
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Figure 4.3. Electrospray ionization mass spectrometry (ESI-MS) of Complex 1. (A)
Total ion count (TIC) chromatogram of 0-5 min for a 5 min run of Complex 1 via
flow injection analysis and (B) full mass spectrum (100-1000 m/z) for retention
time=0.70-0.72. Found: 666.13495, calculated for Cs;HoN;OsSMn 666.13314, A
ppm = 3.4 ppm, A mDa =2.2.
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Figure 4.4. '"H NMR for Complex 1. For Complex 1, '"H NMR (400 MHz, [D4]-
methanol]): 5=1.37-1.84 (m, 6H), 2.30 (t, 2H, 7.4 Hz), 2.68 (m, 1H), 2.89 (m, 1H),
3.18 (m, 1H), 4,24 (m, 1H), 4.47 (m, 1H), 7.53 (m, 2H), 7.86 (s, 1H), 8.20 (m, 4H),

8.38 (m, 2H), 8.87 (m, 2H), 9.88 (m, 2H).

The Infrared spectrum of Complex 1 showed the presence of two nc-o bands at 2039
and 1939 cm™, characteristic of the manganese tricarbonyl moiety, and one nc—o band

at 1685 cm™ derived from the biotin unit (Figure 4.4).
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Figure 4.4. Infrared (IR) spectrum of Complex 1. IR spectrum of solid Complex 1
was recorded in KBr matrix. vc—o: (cm‘l): 2030, 1941, 1687.

166




Electronic absorption spectra of solutions of Complex 1 in Ix phosphate-buffered
saline (PBS) exhibited a broad absorbance band in the visible region between 320 and

450 nm (Figure 4.5).

AU.)
B

Absorbance (
o

200 300 400 500 600
Wavelength (nm)

Figure 4.5. Electronic absorption spectrum of Complex 1 in 1X PBS, 298 K (25°C).

Exposure of Complex 1 to visible light resulted in systematic changes in the
absorption spectra (Figure 4.6) arising from the loss of CO.? Integration of the rate
law for the photodegradation of Complex 1 was performed to determine pseudo-first
order kinetics for CO release, with apparent visible light activated CO release rate k,

=0.0030 + 0.010 s determined in 1x PBS (Figure 4.6).
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Figure 4.6. Electronic absorption spectrum of Complex 1 upon illumination with low
power (10 mW/cm?), broadband visible light in 20-second intervals at 25°C. Inset:
Integration of the release rate for the photodegradation of Complex 1, calculated at
390 nm, with low power (10 mW/cm?), broadband visible light for indicated time.

Complex 1 was stable in 1x PBS in the dark for ~48 h, releasing CO only
upon illumination with low power (10 mW/cm?), broadband, visible light (Figure
4.7A). Furthermore, Complex 1 exhibited stability in human serum for 24 h at 37°C,

retaining the property of photorelease of CO, as confirmed by myoglobin assay

(Figure 4.7B).
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Figure 4.7. Myoglobin assay for CO release of Complex 1. (A) Myoglobin assay for
CO release of Complex 1 dissolved and performed in 1X phosphate buffered saline
(PBS), triggered by low power (10mW/cm?), visible light for indicated time. (B)
Myoglobin assay for CO release of Complex 1 dissolved in human serum and
incubated for >1 h at 37°C, followed by exposure to low power, broadband visible
light for 30 min.

Previous studies from this laboratory have demonstrated that sufficient levels
of CO, delivered from photoCORMs, can induce apoptotic cell death in a wide

variety of cancer cells.”>'"""

Likewise, Complex 1 upon illumination with visible
light, significantly reduced cell viability in two ovarian cancer cell lines OVCAR-5

and SKOV-3 (EDsp = 48 and 25 uM respectively) assayed 24 h post-treatment

(Figure 4.8).
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Figure 4.8. Effect of treatment of ovarian cancer cell lines with indicated
concentrations of Complex 1 upon illumination with visible light on cell viability,
measured 24 h post-treatment in ovarian cancer cell lines. (A) Log[dose]-response
curves of ovarian cancer cell lines OVCAR-5 and SKOV-3 to Complex 1. (B)
Log[dose]-response curves of OVCAR-5 and SKOV-3 to photo-inactivated Complex
1. Data representative of n=3 independent experiments.

4.3 Synthesis of streptavidin-conjugated antibody

A streptavidin-biotin strategy was used to link Complex 1 to IgG, exploiting the
strong affinity (Kq = 107*M) and stability of the streptavidin-biotin interaction.'® The
streptavidin-IgG conjugate was synthesized using a commercially available kit
(Supporting Information). Native gel electrophoresis (Figure 4.9A) and size exclusion
chromatography (Figure 4.9B) revealed conjugation of a variable number of
streptavidin molecules to IgG which was expected as per manufacturer’s notes.
Fractionation of crude streptavidin-IgG conjugates following size exclusion

chromatography was performed to resolve and isolate antibodies conjugated with 1-4
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streptavidin molecules (Figure 4.9C). These fractions were then pooled together

(abbreviated hereafter as Complex 2) for cellular studies.
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Figure 4.9. Complex 2: streptavidin-conjugated IgG. (A) Native protein gel

electrophoresis of crude Complex 2. (B) Chromatogram of Complex 2 following size

exclusion chromatography. [Retention time, ~molecular weight, identity] (i) [28.4

min, 366 kDa, IgG + 4 streptavidin]. (ii) [39.6 min, ~155 kDa, IgG + 0 streptavidin].

(ii1) [42.7 min, ~121 kDa, IgG Fragments]. (iv) [20.6 min, ~659 kDa, void volume].

(C) Size-exclusion chromatograms of fractions of Complex 2. [Retention time,
~molecular weight, identity] (i) [35.4 min, ~210 kDa, IgG + 1 streptavidin]. (ii) [32.2
min, ~260 kDa, IgG + 2 streptavidin]. (iii) [29.9 min, ~313 kDa, IgG + 3 streptavidin].
(iv) [28.6 min, ~366 kDa, IgG + 4 streptavidin].
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4.4 Synthesis of antibody-photoCORM conjugate

Reaction of Complex 2 with excess Complex 1 afforded the antibody-photoCORM
conjugate (Ab-photoCORM) through a streptavidin-biotin interaction, then purified to
remove any trace of unbound streptavidin, unconjugated IgG and unincorporated

Complex 1 by size-exclusion chromatography (Figure 4.10).
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Figure 4.10. Synthesis and characterization of the antibody-photoCORM conjugate
(Ab-photoCORM) and proteomic analysis of Ab-photoCORM. The scheme of
bottom-up proteomics of the Ab-photoCORM is also shown.
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Bottom-up proteomic analysis of the Ab-photoCORM confirmed the

streptavidin in the Ab-photoCORM (Figure 4.11).
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Figure 4.11. Proteomic scores of the Ab-photoCORMs synthesized in this study.
Biotin-photoCORM (Complex 1) was observed in the full MS scan of the tryptic
digest of Ab-photoCORM. Protein scores greater than 67 are significant (i.e. p <

0.05).

Additionally, Complex 1 (M") incorporated into the Ab-photoCORM was observed in

the full MS scan of the tryptic digest (Figure 4.12).
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Figure 4.12. Detection of Complex 1 in tryptic digest of antibody-photoCORM
conjugate (Ab-photoCORM). (A) Total ion count (TIC) of Ab-photoCORM sample.
(B) Chromatogram of Ab-photoCORM, mass filter range m/z = 666.12593-
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666.13925. (C) Full mass spectrum at retention time 134.16-135.34 min.

The Ab-photoCORM, by merit of Complex 1 incorporation, exhibited photo-
activated release of CO, as determined by myoglobin assay performed in 1x PBS

(Figure 4.13A). Furthermore, the Ab-photoCORM exhibited stability in a biological
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fluid, as evidenced by its retained photo-activatable release of CO following

incubation in human for 1 h at 37°C (Figure 4.13B).
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Figure 4.13. Myoglobin assay for light-triggered CO release from antibody-
photoCORM conjugate (Ab-photoCORM). (A) Absorbance spectrum of myoglobin
for determination of CO release from Ab-photoCORM dissolved in 1X phosphate
buffered saline (PBS), triggered by low power (10mW/cm2), broadband visible light
for indicated times. (B) Absorbance spectrum of myoglobin for determination of CO
release from Ab-photoCORM dissolved and incubated in human serum for >1 h at
37°C by low power, broadband visible light for indicated times.

A family of Ab-photoCORM conjugates was synthesized (Table 4.2) using
this synthetic strategy with commercially available mouse monoclonal IgG raised
against four surface-expressed antigens implicated in ovarian cancer, namely homing
cell adhesion molecule (HCAM)," epithelial cell adhesion molecule (EpCAM),'®
glucose transporter 3 (GLUT3),"” and vascular endothelial growth factor A (VEGF).'®
Immunoblot analysis of whole cell lysates of cell line models utilized, OVCAR-5 and
SKOV-3, confirmed the presence of the antigens recognized by the family of Ab-
photoCORMs (Figure 4.15A). An Ab-photoCORM utilizing 1gG not raised against

any specific antigen (a-Control-photoCORM) was also synthesized for application in
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cell viability experiments in order to account for any non-CO-mediated effects of the

antigen-specific Ab-photoCORMs.

Antibody-
Original . . Streptavidin-lgG photoCORM
Mouse IgG Epitote Recognized (Complex 2) conjugate
(Ab-photoCORM)
HCAM Homing cell adhesion a-HCAM-
C lex 2- (a-HCAM
(sc-7297) molecule (human) omplex 2- (o ) photoCORM
Epithelial cell
EpCAM . a-HCAM-
(5¢-53277) adhesion molecule Complex 2- (a-EpCAM) photoCORM
(human)
GLUT3 Glucose transporter 3 a-GLUT3-
lex 2- (a-GLUT.
(sc-74399) (human) Complex 2- (a-GLUT3) photoCORM
Vascular enothelial
VEGF-A ao-VEGF-
(365578) growth factor A Complex 2- (a-VEGF) photoCORM
(human)
Normal a-Control-
mouse IgG None Complex 2-(a-Control) hotoCORM
(sc-2025) P

Table 4.2. Family of antibody-photoCORM conjugates (Ab-photoCORMs)
synthesized from commercial antibodies, recognizing indicated human cell surface
antigens implicated in ovarian cancer.

4.5 Antigen-mediated delivery of carbon monoxide to ovarian cancer cells

The antigen-recognizing family of Ab-photoCORMSs was finally assessed for their
ability to localize and deliver cytotoxic levels of CO to OVCAR-5 and SKOV-3 cell
cultures using a live-cell, immunosorbent assay (Figure 4.14.). Adherent cells were
first treated with 2 pg/mL of Ab-photoCORMs for 60 min in the dark and then
washed 3 times with 1X PBS to remove any non-specific association. Next fresh

media was added to the cells and they were exposed to low-power visible light for 30
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min for CO photorelease. After an incubation period of 24 h, cell viability was

assessed by cellular reduction of MTT.

Antigen-recognizing Non-specific
Ab-photoCORM  Ab-photoCORM

N~

N

{5 2 60 min incubation in dark
2-10 ug/mL - >
ww Ao photoCORM ML&:@& Hosh T TR

? ’:V M Incubate 24h_ Cell V|?5||.Ir|?)l Assay

Figure 4.14. Live-cell, immunosorbent assay scheme utilized for assessment of the
efficacy of antigen-recognition of an antibody-(photo-activated carbon monoxide-
releasing molecule) conjugate (Ab-photoCORM) to deliver cytotoxic levels of carbon
monoxide to ovarian cancer cells compared to a non-specific Ab-photoCORM
conjugate.

The viability study clearly demonstrated that treatment of OVCAR-5 and
SKOV-3 cells with Ab-photoCORM conjugates recognizing epitopes expressed in
those ovarian cancer cell lines delivered cytotoxic levels of CO and dramatically
decreased cell viability (Figure 4.15B). a-Control-photoCORM did not significantly
reduce cell viability (Figure 4.15B), demonstrating that (a) CO alone was responsible
for the cytotoxicity of the Ab-photoCORM complexes against the cancer cells, and
(b) the presence of the antigen specific to the Ab-photoCORM on cancer cell surface

was required for the targeted delivery of CO.
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Figure 4.15. Antibody-photoCORM conjugates (Ab-photoCORMSs) deliver cytotoxic
levels to ovarian cancer cell lines via immunosorbent assay. (A) Western analysis of
whole cell lysates of cell lines OVCAR-5 and SKOV-3, probing for antigens
recognized by a family of Ab-photoCORMSs. (B) Cell viability, as measured by
cellular reduction of MTT, of OVCAR-5 and SKOV-3 24 h post-immunosorbent
assay utilizing 2 pg/mL Ab-photoCORM conjugates. (C) Dose-dependency of a-
HCAM-photoCORM, compared to a-Control-photoCORM, on cell viability. Data
representative of n=3 independent experiments. (* p<0.05)

Additionally, no significant cell death was observed either with light-
inactivated Complex 1 or Complex 1 in the dark. No statistically significant
differences were observed between treatments for OVCAR-5 as determined by one-

way ANOVA (F(2,13) = 2.046, p = 0.167) (Figure 4.16A). Similarly, no statistically
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significant differences were observed between treatments for SKOV-3 as determined

by one-way ANOVA (F(2,11) = 0.219, p = 0.807) (Figure 4.16B).
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Figure 4.16. Cell viability of ovarian cancer cell lines OVCAR-5 and SKOV-3 trated
with light-inactivated Complex 1 and Complex 1 in the dark to assess the cytotoxicity
of the non-CO components of Complex 1. Data representative of n=3 independent
experiments. (* p<0.05)

Complex 2 by itself also did not exhibit significant toxicity to both ovarian
cancer cells, with no statistically significant differences observed between groups.
Between treatments of OVCAR-5 with Complex 2 of varying antigen recognitions,
no statistically significant differences between treatments were observed as
determined by one-way ANOVA F(6,30) — 2.632, p = 0.0548). Conversely,
statistically significant differences between Complex 2 treatments of SKOV-3 cells
were observed as determined by one-way ANOVA F(6,30) = 3.474, p= 0.0104),
though post-hoc analysis revealed no significant differences between any pairs, likely
due to the relatively small sample sizes (n=6 for each group) or the high number of

factor levels (Figure 4.17B).
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Figure 4.17. Cell viability, as measured by reduction of MTT 24 h post-treatment, of
(A) OVCAR-5 and (B) SKOV-3 treated with 2 pg/mL Complex 2 and control
antibodies. Family of Complex 2 constructed from mouse monoclonal antibodies
raised against human HCAM (a-HCAM), EpCAM (a-EpCAM), GLUT3 (a-GLUT3)
and VEGF-1 (a-VEGF). Contol treatments with vehicle control (Control), IgG
without streptavidin (IgG) and Complex 2 synthesized from control mouse I1gG (a-
Control) included. Data representative of n=3 independent experiments. (*p<0.05)

In order to establish a dose-dependence of Ab-photoCORM in CO-induced
cell death, the a-HCAM-photoCORM was utilized. a-HCAM-photoCORM elicited
dose-dependent decreases in cell viability of the OVCAR-5 and SKOV-3 compared
to a-Control-photoCORM (Figure 4.15D). It is important to note that in previous
experiments, similar photoCORMs with no conjugation with antibodies exhibited
CO-induced cell death at much higher concentrations (10-50 uM range) compared to
the present study where cell death is evident in presence of hundreds of picomoles of

CO (Figure 4.18).

b oo EORM 210m9 )| 02mLceil |[_1-4 mol streptavidin_ |(4.mol Complex 1| _3moico | = ~23-262 pmol
mL culture media|| 1 mol Ab-photoCORM 1 streptavidin | |1 mol Complex 1) = CO

Figure 4.18. Calculations for estimation of molar release of CO from antibody-
photoCORM conjugates.
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While the greater potency of CO can be attributed to the improved localization
of the Ab-photoCORM imparted by antigen recognition, much of this improved
potency could likely be due to other mechanisms of action attributed ADCs generally,
including antibody-mediated receptor signaling blockades and inflammatory
responses due to the Fc component of the antibody.'” The relative contributions and
synergism of these processes are poorly understood,'” but are nevertheless potent
actions that can be attributed to the Ab-photoCORMs synthesized in this study. Taken
together, these findings demonstrate the superior ability of the antigen-specific Ab-
photoCORMs to accumulate onto ovarian cancer cells via recognition of surface

proteins and deliver cytotoxic levels of CO in a much more efficient manner.

4.6 Discussion

The application of CO-releasing drugs face the challenge of strict site-specificity to
avoid off-target effects of CO in normal cells. In the present work we have described
an open strategy for site-specific and controlled delivery of CO to a desired biological
target. Light-triggered release of a therapeutic molecule had, until this study,
remained an unexplored approach for ADCs. This approach may be an effective
strategy for reducing premature/off-target drug release by illumination of light
directly to the tumor site. Furthermore, the frequency and length of illumination could

be modulated to precisely control the kinetics of CO release from Ab-photoCORMs.
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In support of this strategy, a recent study has demonstrated the feasibility of light-

) . o L 20
triggered release of a CO-releasing material in an in vivo mouse models.

The use of light for the remote control over the activity of pharmaceuticals, a
concept known as photopharmacology, has a nearly 100 year old history in medicine
and oncology.”' The successful clinical use of visible light to control drug activity in
time and space to regulate biological processes is well documented.””** While
photopharmacological treatment is naturally suitable for localized and exposed targets,
optic fibers inserted through small and minimally invasive incisions allow for
illumination of most body organs to be illuminated with intense, visible, broad

: 25
spectrum light from non-laser sources.

Photopharmacological approaches have even been successfully applied for
metastatic ovarian cancer, where intraoperative and laparoscopic light sources were
successfully used in photodynamic therapy, resulting in substantial benefits for
patients in clinical trials.*® Visible light offers unparalleled therapeutic benefits as an
external control element for pharmacological activity, which allows for the delivery
and activity of photo-activatable pharmaceuticals with very high spatiotemporal
precision. Furthermore, unlike chemicals, light exhibits high orthogonality towards
biological systems with minimal contamination of the study subject and low to
negligible toxicity.”' Visible light activation of photoCORMs and Ab-photoCORM

conjugates for the therapeutic delivery of CO may soon mature beyond an academic
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strategy at this point in time considering the well-documented success of the clinical

use of visible light in photopharmacology and photodynamic therapy.*" >

The high selectivity and diversity of monoclonal antibodies towards surface
expressing antigens suggest that Ab-photoCORM conjugates could be designed to
deliver CO to a wide range of cell/tissues with high specificity. Antibodies inherently
exhibit a wide range of binding specificities due to amino acid residues contained
within six short lengths, three each in the heavy and light chains of the antibody.”” As
antibodies have the potential to recognize >10'* unique antigens,”® this can be
exploited to improve the specificity of delivery of therapeutic molecules. The Ab-
photoCORMs synthesized in this study have successfully exploited the antigen-
recognition of antibodies to improve specificity of delivery of CO, a therapeutic,
gaseous molecule. The Ab-photoCORMSs reported here thus represent a novel class of

ADC:s that could be described as “immunoCORMSs”.

The biotin-streptavidin linker utilized in these studies allow for the facile conjugation
of the photoCORMs to any monoclonal antibody. Furthermore, the biotinylation of
the photoCORM in this study was synthetically straightforward and performed under
mild conditions. Biotinylation of not only other designed CORMs, but also hydrogen
sulfide/nitric oxide donating molecules and nanoparticles is feasible. By this approach,
the biotin-streptavidin linkage to monoclonal antibodies could be a new direction in
the field of gasotransmitters, namely, the delivery of gaseous molecules driven by

antibody-conjugation and antigen recognition.
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Conventional ADCs require a number of specific properties in order to exhibit
sufficient potency and stability. As one of the main mechanisms of drug resistance is
ADC eflux,”” lack of susceptibility to multidrug resistant protein 1 (MDRI) is
essential. CO, as a drug delivered by an ADC, could be intriguing in that it would be
unaffected by efflux mechanisms of drug resistance like MDRI1. Furthermore,
traditional ADCs are limited by the frequency of internalization and trafficking
through the endosomal-lysosomal pathway, a relatively infrequent event.'” The ability
of CO to readily diffuse across cellular membranes could circumvent the need for
antibody internalization per se. A photoCORM (a prodrug) conjugated to an antibody
also requires that drug release is not dependent on linker cleavage or through
complete degradation of the antibody within the tumor cell. The cleavable linkers
impart small molecule drug ADCs with poor pharmacokinetics and circulation
instability.'” The biotin-streptavidin linker used in this design is expected to maximize
stability and mitigate the problems related to esterases and proteases within cellular
milieu. The antibody-photoCORM conjugates (Ab-photoCORM) could be an

intriguing tool for addressing some of the fundamental limitations of ADCs.

4.7 Materials and methods
Materials and reagents

Biotin-hydrazide (A8007-100mg) was procured from Apex Biotech, Ltd. (Xuzhuang,

Shaanxi, PRC). Mouse monoclonal antibodies raised against HCAM (sc-7297),

184



EpCAM (sc-53277), GLUT3 (sc-74399), VEGF-1 (365578) and normal mosue IgG
(sc-2025) were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). All
other chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless

otherwise stated.
Synthesis of biotin-photoCORM (Complex 1)

[Mn(CO)s(Br)] (100 mg, 0.36 mmol) and 1,10-phenanthroline (phen) (66 mg, 0.36
mmol) was dissolved in 25 mL dichloromethane (DCM) and allowed to stir in the
dark for 20 h at 25°C. The solution, initially dark yellow, was dried down under
vacuum to a yellow powder. Next, 1.5-fold excess AgCF;SOs (140 mg, 0.54 mmol)
was dissolved in 20 mL DCM and added to the yellow product, and allowed to stir for
1.5 h at 25°C in the dark. The cloudy green solution was subsequently filtered
through a wet Celite pad, and the filtrate was evaporated to dryness. The resulting
yellow powder was dissolved in 50 mL chloroform. To that stirring solution, 4-
pyridinecarboxaldehyde (pyAl) (385 mg, 3.6 mmol) was added drop wise and
allowed to stir for 20 h at 25°C in the dark. The next day, the solution was dried down
under vacuum, revealing orange/yellow microcrystals of
[Mn(CO)s(phen)(PyrAl|CF5;SOs (155 mg, 0.27 mmol, 75%). To 223 mg (0.39 mmol)
of [Mn(CO);(phen)(PyrAl]CF;S0O3, biotin-hydrazide (100 mg, 0.39 mmol) dissolved
in 20 mL of freshly distilled 2,2,2-trifluoroethanol was added, in a similar manner to
a previous study.” The dark yellow solution was allowed to stir for 20 h at 25°C in

the dark. The yellow brown solution was concentrated under vacuum to ~2 mL, then
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chromatographed on a basic alumina column (50-200 pm particle diameter). The
column was then washed with DCM (to remove  unreacted
[Mn(CO)s(phen)(PyrAlJCF;SOs and biotin-hydrazide and finally Complex 1 was

eluted with DCM/methanol (3/2 v/v).

'H NMR (400 MHz, [D4]-methanol]): 0=1.37-1.84 (m, 6H), 2.30 (t, 2H, 7.4 Hz), 2.68
(m, 1H), 2.89 (m, 1H), 3.18 (m, 1H), 4,24 (m, 1H), 4.47 (m, 1H), 7.53 (m, 2H), 7.86
(s, 1H), 8.20 (m, 4H), 8.38 (m, 2H), 8.87 (m, 2H), 9.88 (m, 2H); IR (KBr): v = 2039,
1939, 1685 cm-1(C=0); HRMS (ESI): m/z calcd for C31H29N705SMn: 666.13315
[M+]; found: 666.13539, A ppm = 3.4 ppm, A mDa = 2.2; elemental analysis
calculated (%) for C3;H2oN;0OsSMn: C 55.86, H 4.35, N 14.71, O 12.01, S 4.80, Mn

8.26; found: C 55.84, H 4.39, N 14.71, O 12.01, S 4.80, Mn 8.25.

Physical measurements

'"H NMR spectra of Complex 1 were collected at 298 K on a Varian Unity Inova 500
MHz instrument. FT-IR of Complex 1 was collected on a PerkinElmer Spectrum-One
FT-IR. UV—vis data of Complex 1 were recorded on a Varian Cary 50 UV-vis

spectrophotometer.
Myoglobin assay

Horse heart myoglobin was dissolved in 1X PBS, pH = 7.4 to a final concentration of
50 uM and reduced with 0.1 % sodium dithionite in quartz cuvette under aerobic

conditions. In a second cuvette, Complex 1 was dissolved in 1X PBS to a final
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concentration of 50 uM. Antibody-photoCORM conjugates (Ab-photoCORM) were
dissolved in 1X PBS to a final concentration of 10 pg/mL. For myoglobin assays
performed in human serum, either Complex 1 or Ab-photoCORMSs was dissolved to
final concentrations of 50 uM or 10 pg/mL respectively in human serum, followed by
>1h incubation at 37°C. Photogenerated CO, triggered by low power, broadband
visible light (10mW/cm2) from Complex 1 or Ab-photoCORM was released into the
headspace and transferred to the reduced Mb solution via a cannula and positive
pressure with Ny(g). The extent of the conversion of Mb to carboxymyoglobin
(MbCO) was monitored by the change in absorbance at 540 nm. The source of low
power, broadband visible light was an IL 410 Illumination System purchased from
Electro Optical Components, Inc. (Santa Rosa, CA, USA). Visible light power was
measured with a Field MaxII-TO laser power meter purchased from Coherent (Palo

Alto, CA, USA).
Photolysis experiments

The rate of CO release (kCO) for Complex 1 at 25°C in 1x PBS was assessed with in
1 cm x 1 cm quartz cuvettes. The kCO of Complex 1 (concentration = 3.0 x 10~ M,
390 nm, 25°C) was determined by recording the electronic absorption spectra,
monitoring changes in the spectra following exposure to light at regular intervals.

kCO was then calculated from the In[Complex 1] versus time (¢) plot.

Synthetic strategy of streptavidin-conjugated mouse IgG (Complex 2)
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Conjugation of 1 mg mouse IgG, either control or antigen-specific IgG, with
streptavidin was performed utilizing the Streptavidin Conjugation Kit (ab102921,
Cambridge, MA, USA). Native gel electrophoresis and size exclusion
chromatography were used to analyze and characterize streptavidin-conjugated
antibodies. Complex 2 was quantified for use in subsequent cellular studies by
measuring total protein using a PierceTM BCA Protein Assay Kit (23225,

ThermoFisher Scientific, Waltham, MA).

Native gel electrophoresis

2 ng of streptavidin-IgG conjugate was combined with native loading dye (62.5 mM
Tris-HCI, pH=7.4, 40% glycerol and 0.01% bromophenol blue) and loaded onto a 4-
12% Mini-PROTEAN TGX Precast Protein Gels (#4561095, Bio-Rad, Hercules, CA,
USA) and separated under non-reducing, native conditions. Protein bands were

visualized using Coomassie Brilliant Blue R-250 (#161-0436).

Size exclusion chromatography

Separation and simultaneous UV absorbance detection at 214 nm of streptavidin-
conjugated antibodies and antibody-photoCORM conjugates was performed using a
7.5 D x 60 cm, 3 um Tosoh TSK G4000SW (stainless steel) column. The column was
preconditioned with molecular weight standards. The mobile phase was prepared with
137 mM NaCl, 2.7 mM KCl, 4.3 mM Na,HPO,, 1.47 mM KH,PO4, pH = 6.8 and
sterile filtered and degassed prior to use. Separation species based on size was

performed at a flow rate of 0.5 mL/min, 25 °C. Fractions of streptavidin-conjugated
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antibodies and antibody-photoCORM conjugates were further characterized by

bottom up proteomics.

Synthesis of antibody-photoCORM conjugates (Ab-photoCORM)

Complex 2 (100 pg, ~273 pmol) pre-dissolved in 500 pL. 1X PBS was reacted with
excess Complex 1 (40.0 ng, 60 nmol) pre-dissolved in 500 pLL 1X PBS for 1h at 25°C
in the dark. The antibody-photoCORM conjugates (Ab-photoCORMs) were purified
using size exclusion chromatography. Bottom up proteomics and HPLC-MS/MS
analysis was utilized to characterize the composition of Ab- photoCORMSs. Detection
of Complex 1 in Ab-photoCORMs was observed in full MS scans in the bottom up

proteomic assays.

Bottom-up proteomics analysis

10 pg of each antibody-photoCORM conjugate, as determined by BCA Protein Assay,
were solubilized in 200 pL lysis buffer (12 mM sodium lauroyl sarcosine, 0.5%
sodium deoxycholate, 50 mM triethylammonium bicarbonate (TEAB)) followed by
10 min bath sonication and heating at 95°C for 5 min. The samples were then diluted
to 0.5 mg total protein/mL with lysis buffer, then a 100 pL aliquot was treated with 5
mM tris(2-carboxyethyl) phosphine (TCEP) prepared in 50 mM aqueous TEAB at
60°C for 30 min. Next, the samples were treated with 10mM chloroacetamide,
prepared in 50 mM TEAB, for 30 min at 25°C in the dark. Samples were diluted 5-
fold in 50 mM TEAB, then incubated overnight with Sequencing Grade Modified

Trypsin (1:100, mg trypsin: mg total protein). The next day, an equal volume of ethyl
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acetate/trifluoroacetic acid (TFA, 100/1, v/v) was added to samples, followed by 5
min vigorous vortexing and centrifugation (13,000 x g, 5 min). Desalting of samples
was performed similar to that previously described.[3] Dried samples were
reconstituted in acetonitrile/water/TFA (2/98/0.1, v/v/v), loaded onto a Cl18-silica
disk (3M, Maplewood, MN, USA) placed inside a 200 pL pipet tip. Prior to sample
loading onto the disk, it was equilibrated with methanol (20 pL),
acetonitrile/water/TFA (20 p L, 80/20/0.1, v/v/v), then finally acetonitrile/water/TFA
(2/98/0.1, v/v/v). The samples were loaded onto the disks were washed with
acetonitrile/water/TFA (20 uL, 2/98/0.1, v/v/v) and eluted with
acetonitrile/water/TFA (40 pL, 80/20/0.1, v/v/v). Eluents were concentrated under
vacuum centrifugation and reconstituted in 10 plL water/acetonitrile/formic acid,
98/2/0.1, v/v/v). 5 uL aliquots were injected onto a reverse phase nanobore HPLC
column (AcuTech Sceintiic, C18, 1.8 um particle size, 360 pm x 20 cm, 150 pm ID),
equilibrated in water/acetonitrile/formic acid (98/2/0.1, v/v/v: min/%; 0/0, 5/3, 18/7,
74/12, 144/24, 153/27, 162/40, 164/80, 174/80, 176/0, 180/0) using an Eksigent
NanoLC-2D system (Sciex, Framingham, MA, USA). The flow from the column was
directed towards nanospray ionization source connected to a Q ExactiveTM Hybrid
Quadrupole-OrbitrapTM Mass Spectrometer (Thermo Fisher Scientific). Data-
dependent mass spectra were acquired alternating between full scan (m/z 350-2000,
automated gain control target 3 x 10°, 50 ms maximum injection time, FWHM
resolution 70,000 at m/z 200) and up to 10 MS/MS scans (quadrupole isolation of

charge states >1, isolation width 1.2 Th) with optimized fragmentation conditions
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(normalized collision energy of 32, dynamic exclusion of 30 s, AGC target 1 x 10°,
100 ms maximum injection time, FWHM resolution 35,000 at m/z 200). Analysis of
raw data and peptide/protein identification of the antibody- photoCORM conjugates
was performed using Mascot to search the UniProt- Mouse database. Common
Contaminants database was also searched to identify streptavidin. Probability based
scoring was used to determine significance of data, where reported scores = -10 x
Logl0(P), where P is the absolute probability that the observed match between the
experimental data and the database sequence is a random event.[4,5] Scores >67 are
considered significant (p<0.05).[4,5] Complex 1 associated with Ab-photoCORM

was observed in the full MS scan data (Figure 4.12).
Cell culture

Ovarian cancer cell lines OVCAR-5 and SKOV-3 were obtained from American
Type Culture Collection (Manassas, VA, USA). OVCAR-5 and SKOV-3 were grown
in RPMI 1640 Medium (11875119, ThermoFisher Scientific) supplemented with 10%
fetal bovine serum (FBS, 16000) and 100 U/mL penicillin-streptomycin (15070063)
were all purchased from ThermoFisher Scientific. Cells were passaged < 10 times

after acquisition from the manufacturer.
Cell viability assay

Cell viability was assessed by the cellular reduction of tetrazolium dye MTT
performed in 96-well tissue culture plates. 2 x 10° cells/well were allowed to seed

overnight in a 37 °C incubator + 5% CO,. The following day, cells were treated as
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indicated with Complex 1 or Complex 2, then assessed for viability 24 h post-
treatment. Following removal of cell culture media, 0.5 mg/mL MTT dissolved in
fresh 1x DMEM was added and allowed to incubate for 2 h in a 37°C incubator + 5%
CO,. Cell viability was quantified by measuring the relative amount of MTT reduced
to insoluble formazan. Following solubalization of formazan in 10% SDS + 0.01 N
HCI, formazan was measured by taking the absorbance at 570 mm, reference

wavelength taken at 690 nm.

Western analysis

Whole cell lysates were extracted using RIPA lysis buffer (150 mM NaCl, 5 mM
EDTA pH 8.0, 50 mM Tris pH 8.0, 1% Triton X-100, 0.5% sodium deoxycholate, 1%
SDS and 1x protease inhibitor cocktail. BCA Protein Assay assayed soluble fractions
for total protein content. 20 pg of soluble cell lysates from samples were resolved on
10% SDS-PAGE gel and transferred to poly(vinylidene difluoride) (PVDF)
membrane. All following blocking and antibody solutions were prepared in 1x PBS +
0.1% Tween 20. Membranes, following blocking in 5% nonfat dried milk for 18 h at
4°C, were probed with primary (1:1000 dilution) antibody overnight at 4°C and then
horseradish peroxidase (HRP)-conjugated secondary (1:10,000 dilution) antibody for
1 h at 25°C. Immunofluorescent signals were amplified with Pierce ECL Plus

Western blotting substrate (32132, ThermoFisher Scientific).

Live-cell immunosorbent assay

192



2 x 103 cells/well of 96-well tissue culture plates were allowed to seed overnight at
37°C + 5% CO2. The next day, cells were treated as indicated with 0-10 pg/mL
antibody-photoCORM conjugates (Ab-photoCORM), as measured by BCA Protein
Assay. Immunosorbence of Ab-photoCORMs to the adherent live cells was allowed
to occur for 60 min in the dark at 37°C + 5% CO2. a-Control Ab- photoCORM,
utilizing control mouse IgG (sc-2025, Santa Cruz Biotechnology), was utilized as
control to assess the specificity of the other antibody-photoCORM conjugates.
Following incubation, the media was gently aspirated, followed by three 250 pL
washes with 1X PBS in the dark to remove any non-specific binding. 100 pL fresh
cell culture media was added, followed by illumination with low power, visible light
for 30 min to trigger release of CO from any Ab-photoCORM present after
immunosorbence and washing. Cell viability, as measured by the reduction of MTT,

was assayed 24 h post-illumination of light.

Statistical analysis

Data are expressed as the mean + standard error mean (range) or as percentage of
control value where indicated. Comparisons between two groups were made using the
Student’s t-test. Comparisons between more than two groups were made using the
One-way ANOVA/ Tukey's post hoc test. p-values < 0.05 were considered
statistically significant. All calculations were performed using GraphPad Prism

software package (GraphPad Software Inc., San Diego, USA).
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Introduction

Carbon monoxide (CO), while long recognized as a toxic gas, is
an endogenously produced gasotransmitter that regulates
immune/inflammatory processes and vascular tone through
reactions with heme-containing proteins.' In recent years,
exogenous delivery of CO has shown promise as a novel thera-
peutic in a variety of disease and injury models, including
cancer.”

The challenge of delivering efficacious concentrations of CO
to a target tissue has been approached by our group and others
by synthesizing CO-releasing molecules (CORMs) with proper-
ties necessary for a potential therapeutic, including water
solubility,® incorporation within biocompatible materials** and
controllable release of CO.® Very recently, with the use of
photoactivatable CORMs (photoCORMs) our group has eluci-
dated mechanism(s) by which CO exerts deleterious effects
against human breast and ovarian cancer cell models.'>'* In
such studies we have observed sensitization of ovarian cancer
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cells to drugs like cisplatin and paclitaxel through co-
administration of CO." Because sensitization to conventional
chemotherapeutics could mitigate the poor outcome of ovarian
cancer treatment, precise target-specific delivery of CO to the
malignant tissue appears to be a very desirable goal.

Although a number of CORMs and photoCORMs has been
developed in recent years,">*° most have notably lacked the
ability to highly discriminate between targeted versus non-
targeted tissues. With this in mind, we sought to conjugate
a photoCORM to a monoclonal antibody with the goal of
improving target specificity of CO-release. Antibody-drug
conjugates (ADCs) are fast emerging as an effective strategy
for anticancer therapies. In most cases small molecule drugs are
combined with monoclonal antibodies to achieve high selec-
tivity.”> Conjugation of photoCORMs (i.e. the warhead) to
monoclonal antibodies using a biotin-streptavidin linker is
a novel, currently unexplored and potentially effective strategy
that could be employed for the controlled delivery of CO to
specific tissues.

Herein we report the successful conjugation of a bio-
tinylated-photoCORM  to  streptavidin-conjugated mouse
monoclonal immunoglobulin G (IgG) antibodies to isolate Ab-
photoCORMs for the controlled delivery of CO to ovarian
cancer cell cultures with high specificity. Utilizing different
monoclonal antibodies, a family of Ab-photoCORMs was
synthesized with the goal of localizing and delivering cytotoxic
levels of CO to ovarian cancer cells expressing different tumor-
specific surface antigens. To the best of our knowledge, this
communication is the first report of an antibody-drug conjugate
in which the drug is a gaseous molecule, namely CO.

Chem. Sci.

199



ded on 12/4/2019 9:28:06 PM.

2019. Do
icensed under a Creative Commons Attribution 3.0 Unported Licence.

z
8
§

Open Access Article

Chemical Science

Results and discussion
Synthesis of biotinylated photoCORM (Complex 1)

The present work utilized a designed photoCORM
[Mn(CO);(phen)(4-pyAl)](CF;S0;) (where phen = 1,10-phe-
nanthroline, 4-pyAl = pyridine-4-carboxaldehyde) as the pho-
toactivatable CO donor. Biotinylation of this photoCORM
(Fig. 1, Complex 1) was achieved through reaction with biotin-
hydrazide in trifluoroethanol at room temperature (Scheme
S1t). The composition of Complex 1 was confirmed by elec-
trospray ionization Fourier Transform mass spectrometry (ESI
FTMS); (M") m/z = 666.13539 (calculated for C;,H,,N,0,SMn:
666.13313, 4 ppm = 3.4 ppm, 4 mDa = 2.2) (Fig. S11), and 'H
NMR spectrum (ESIt). The infrared spectrum of Complex 1
showed the presence of two vc—o bands at 2039 and
1939 cm !, characteristic of the manganese tricarbonyl
moiety, and one vc—o band at 1685 cm ! derived from the
biotin unit (Fig. S2f). Electronic absorption spectra of solu-
tions of Complex 1 in 1x phosphate-buffered saline (PBS)
exhibited a broad absorbance band in the visible region
between 320 and 450 nm (Fig. S31). Exposure of Complex 1 to
visible light resulted in systematic changes in the absorption
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Fig. 1 Structure of biotinylated photoCORM (Complex 1).
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spectra (Fig. S4t) arising from the loss of CO.* Integration of
the rate law for the photodegradation of Complex 1 was per-
formed to determine pseudo-first order kinetics for CO
release, with apparent visible light activated CO release rate
kapp = 0.0030 £ 0.010 s ' determined in 1x PBS (Fig. S47).
Complex 1 was stable in 1x PBS in the dark for ~48 h, releasing
CO only upon illumination with low power (10 mW cm ?),
broadband, visible light (Fig. §51). Furthermore, Complex 1
exhibited stability in human serum for 24 h at 37 °C, retaining
the property of photorelease of CO, as confirmed by myoglobin
assay (Fig. S67).

Previous studies from this laboratory have demonstrated
that sufficient levels of CO, delivered from photoCORMs, can
induce apoptotic cell death in a wide variety of cancer
cells.***** Likewise, Complex 1 upon illumination with visible
light, significantly reduced cell viability in two ovarian cancer
cell lines OVCAR-5 and SKOV-3 (EDs, = 48 and 25 uM respec-
tively) assayed 24 h post-treatment (Fig. S77).

Synthesis of streptavidin-conjugated IgG (Complex 2)

A streptavidin-biotin strategy was used to link Complex 1 to IgG,
exploiting the strong affinity (Ka = 10~ '*M) and stability of the
streptavidin-biotin interaction.'® The streptavidin-IgG conjugate
was synthesized using a commercially available kit (ESIT). Native
gel electrophoresis (Fig. 2A) and size exclusion chromatography
(Fig. S8t) revealed conjugation of a variable number of strepta-
vidin molecules to IgG which was expected as per manufac-
turer's notes. Fractionation of crude streptavidin-IgG conjugates
following size exclusion chromatography was performed to
resolve and isolate antibodies conjugated with 1-4 streptavidin
molecules (Fig. 2B). These fractions were then pooled together
(abbreviated hereafter as Complex 2) for cellular studies.

Construction of Ab-photoCORM conjugate

Reaction of Complex 2 with excess Complex 1 afforded the
antibody-photoCORM  conjugate (Ab-photoCORM) through
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Fig.2 Complex 2: streptavidin-conjugated IgG. (A) Native protein gel electrophoresis of crude Complex 2. (B) Size-exclusion chromatograms of

fractions of Complex 2. [Retention time, ~molecular weight, identity] (i) [3

5.4 min, ~210 kDa, IgG + 1 streptavidin]. (i) [32.2 min, ~260 kDa, IgG +

2 streptavidin). (iii) [29.9 min, ~313 kDa, IgG + 3 streptavidinl. (iv) [28.6 min, ~366 kDa, IgG + 4 streptavidin].
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Fig.3 Synthesis and characterization of the antibody-photoCORM conjugate (Ab-photoCORM) and proteomic analysis of Ab-photoCORM. The
scheme of bottom-up proteomics of the Ab-photoCORM is also shown.

a streptavidin-biotin interaction (Fig.
photoCORM was then purified to remove any trace of
unbound streptavidin, unconjugated IgG and unincorporated

3) (ESIf). The Ab-

Complex 1 by size-exclusion chromatography (Fig. 3).
Bottom-up proteomic analysis

R

of the Ab-photoCORM
confirmed the presence of streptavidin in the Ab-photoCORM
(Fig. 4). Additionally, Complex 1 (M") incorporated into the Ab-
photoCORM was observed in the full MS scan (Fig. 4 and S97t).
The Ab-photoCORM, by merit of Complex 1 incorporation,

m

exhibited photo-activated release of CO, as determined by
myoglobin assay performed in 1x PBS (Fig. $10t). Furthermore,
the Ab-photoCORM exhibited stability in a biological fluid, as

evidenced by its retained photo-activatable release of CO following

incubation in human blood serum for 1 h at 37 °C (Fig. S11+).
A family of Ab-photoCORM conjugates was synthesized
(Table 1) using this synthetic strategy with commercially avail-
able mouse monoclonal IgG raised against four surface-
expressed antigens implicated in ovarian cancer, namely

[ HE[]

Identity Accession Score
Ig kappa chain
V region P01647 3729
Immunoglobulin
kappa constant P01837 68467
Ig heavy chain
V region P06330 7874
Ig gamma-1 chain
C region P01837 63787
Streptavidin (S. avidinii) 4115
Identity Mass
biotin-photoCORM 666.13148,
(Complex 1) Appm=24

Fig.4 Proteomic scores of the Ab-photoCORMs synthesized in this study. Biotin-photoCORM (Complex 1) was observed in the full MS scan of
the tryptic digest of Ab-photoCORM. Protein scores greater than 67 are significant (i.e. p < 0.05).
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Table1 Family of antibody-photoCORM conjugates (Ab-photoCORMs) synthesized from commercial antibodies, recognizing indicated human

cell surface antigens implicated in ovarian cancer

Antibody-photoCORM conjugate

Original mouse IgG Epitote recognized Streptavidin-IgG (Complex 2)  (Ab-photoCORM)
HCAM (sc-7297) Homing cell adhesion molecule (human) Complex 2-(2-HCAM) 4-HCAM-photoCORM
EpPCAM (sc-53277) Epithelial cell adhesion molecule (human) Complex 2-(2-EpCAM) 2-EpCAM-photoCORM
GLUTS3 (sc-74399) Glucose transporter 3 (human) Complex 2-(2-GLUT3) -GLUT3-photoCORM
VEGF-A (365578) Vascular endothelial growth factor A (human) Complex 2-(2-VEGF) 4-VEGF-photoCORM
Normal mouse IgG (sc-2025) None Complex 2-(z-control) a-Control-photoCORM

homing cell adhesion molecule (HCAM),"” epithelial cell adhe- cell

viability experiments in order to account for any non-CO-

sion molecule (EpCAM),"® glucose transporter 3 (GLUT3),"” and mediated effects of the antigen-specific Ab-photoCORMs.

vascular endothelial growth factor A (VEGF).>* Immunoblot
analysis of whole cell lysates of cell line models utilized,
OVCAR-5 and SKOV-3, confirmed the presence of the antigens Cell

viability assays of Ab-photoCORMs in ovarian cancer cell

recognized by the family of Ab-photoCORMs (Fig. 5A). An Ab- model

photoCORM utilizing I1gG not raised against any specific antigen The

antigen-recognizing family of Ab-photoCORMSs was finally

(2-Control-photoCORM) was also synthesized for application in  assessed for their ability to localize and deliver cytotoxic levels

-
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S

@
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Cell Viability
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o
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B
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-
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Fig. 5 Antibody-photoCORM conjugates (Ab-photoCORMs) deliver cytotoxic levels to ovarian cancer cell lines via immunosorbent assay. (A)
Western analysis of whole cell lysates of cell lines OVCAR-5 and SKOV-3, probing for antigens recognized by a family of Ab-photoCORMs. (B)
Cell viability, as measured by cellular reduction of MTT, of OVCAR-5 and SKOV-3 24 h post-immunosorbent assay utilizing 2 pg mL™* Ab-
photoCORM conjugates. (C) Dose-dependency of a-HCAM-photoCORM, compared to a-Control-photoCORM, on cell viability. Data repre-

sentative of n = 3 independent experiments. (*p < 0.05).
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Wash 3X with 1X PBS

Cell Viability Assay
(MTT)

Incubate 24 h
—_—

Scheme 1 Live-cell, immunosorbent assay scheme utilized for assessment of the efficacy of antigen-recognition of an antibody-(photo-
activated carbon monoxide-releasing molecule) conjugate (Ab-photoCORM) to deliver cytotoxic levels of carbon monoxide to ovarian cancer

cells compared to a non-specific Ab-photoCORM conjugate.

of CO to OVCAR-5 and SKOV-3 cell cultures using a live-cell,
immunosorbent assay (Scheme 1). Adherent cells were first
treated with 2 pg mL™ ' of Ab-photoCORMs for 60 min in the
dark and then washed 3 times with 1x PBS to remove any non-
specific association. Next fresh media was added to the cells
and they were exposed to low-power visible light for 30 min for
CO photorelease. After an incubation period of 24 h, cell
viability was assessed by cellular reduction of MTT. The
viability study clearly demonstrated that treatment of OVCAR-5
and SKOV-3 cells with Ab-photoCORM conjugates recognizing
epitopes expressed in those ovarian cancer cell lines delivered
cytotoxic levels of CO and dramatically decreased cell viability
(Fig. 5B). a-Control-photoCORM did not significantly reduce
cell viability (Fig. 5B), demonstrating that (a) CO alone was
responsible for the cytotoxicity of the Ab-photoCORM
complexes against the cancer cells, and (b) the presence of
the right antigen on cancer cell surface was required for the
targeted delivery of CO. Additionally, no significant cell death
was observed either with light-inactivated Complex 1 or
Complex 1 in the dark (Fig. $121). Complex 2 by itself also did
not exhibit significant toxicity to both ovarian cancer cells
(Fig. S137).

In order to establish a dose-dependence of Ab-photoCORM
in CO-induced cell death, the o-HCAM-photoCORM was
utilized in similar assay. As shown in Fig. 5C, a-HCAM-
photoCORM elicited dose-dependent decreases in cell viability
of the OVCAR-5 and SKOV-3 compared to a-Control-
photoCORM. It is important to note that in previous experi-
ments, similar photoCORMs with no conjugation with anti-
bodies exhibited CO-induced cell death at much higher
concentrations (10-50 uM range) compared to the present study
where cell death is evident in presence of hundreds of pico-
moles of CO (Scheme S21). While the greater potency of CO can
be attributed to the improved localization of the Ab-
photoCORM imparted by antigen recognition, much of this

improved potency could likely be due to other mechanisms of
action attributed ADCs generally, including antibody-mediated
receptor signaling blockades and inflammatory responses due
to the Fc component of the antibody.* The relative contribu-
tions and synergism of these processes are poorly understood,*
but are nevertheless potent actions that can be attributed to the
Ab-photoCORMs synthesized in this study. Taken together,
these findings demonstrate the superior ability of the antigen-
specific Ab-photoCORMSs to accumulate onto ovarian cancer
cells via recognition of surface proteins and deliver cytotoxic
levels of CO in a much more efficient manner.

Conclusions

The application of CO-releasing drugs face the challenge of
strict site-specificity to avoid off-target effects of CO in normal
cells. In the present work we have described an open strategy for
site-specific and controlled delivery of CO to a desired biological
target. Light-triggered release of a therapeutic molecule had,
until this study, remained an unexplored approach for ADCs.
This approach may be an effective strategy for reducing
premature/off-target drug release by illumination of light
directly to the tumor site. Furthermore, the frequency and
length of illumination could be modulated to precisely control
the kinetics of CO release from Ab-photoCORMs. In support of
this strategy, a recent study has demonstrated the feasibility of
light-triggered release of a CO-releasing material in an in vivo
mouse models.”

The use of light for the remote control over the activity of
pharmaceuticals, a concept known as photopharmacology, has
a nearly 100 year old history in medicine and oncology.> The
successful clinical use of visible light to control drug activity in
time and space to regulate biological processes is well docu-
mented.?*2* While photopharmacological treatment is naturally
suitable for localized and exposed targets, optic fibers inserted
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through small and minimally invasive incisions allow for illu-
mination of most body organs to be illuminated with intense,
visible, broad spectrum light from non-laser sources.*”

Photopharmacological approaches have even been success-
fully applied for metastatic ovarian cancer, where intraoperative
and laparoscopic light sources were successfully used in
photodynamic therapy, resulting in substantial benefits for
patients in clinical trials.*® Visible light offers unparalleled
therapeutic benefits as an external control element for phar-
macological activity, which allows for the delivery and activity of
photo-activatable pharmaceuticals with very high spatiotem-
poral precision. Furthermore, unlike chemicals, light exhibits
high orthogonality towards biological systems with minimal
contamination of the study subject and low to negligible
toxicity.* Visible light activation of photoCORMs and Ab-
photoCORM conjugates for the therapeutic delivery of CO
may soon mature beyond an academic strategy at this point in
time considering the well-documented success of the clinical
use of visible light in photopharmacology and photodynamic
therapy.>*'

The high selectivity and diversity of monoclonal antibodies
towards surface expressing antigens suggest that Ab-
photoCORM conjugates could be designed to deliver CO to
a wide range of cell/tissues with high specificity. Antibodies
inherently exhibit a wide range of binding specificities due to
amino acid residues contained within six short lengths, three
each in the heavy and light chains of the antibody.* As anti-
bodies have the potential to recognize >10'? unique antigens,*
this can be exploited to improve the specificity of delivery of
therapeutic molecules. The Ab-photoCORMSs synthesized in this
study have successfully exploited the antigen-recognition of
antibodies to improve specificity of delivery of CO, a thera-
peutic, gaseous molecule. The Ab-photoCORMs reported here
thus represent a novel class of ADCs that could be described as
“immunoCORMS”.

The biotin-streptavidin linker utilized in these studies allow
for the facile conjugation of the photoCORMs to any mono-
clonal antibody. Furthermore, the biotinylation of the photo-
CORM in this study was synthetically straightforward and
performed under mild conditions. Biotinylation of not only
other designed CORMSs, but also hydrogen sulfide/nitric oxide
donating molecules and nanoparticles is feasible. By this
approach, the biotin-streptavidin linkage to monoclonal anti-
bodies could be a new direction in the field of gasotransmitters,
namely, the delivery of gaseous molecules driven by antibody-
conjugation and antigen recognition.

Conventional ADCs require a number of specific properties
in order to exhibit sufficient potency and stability. As one of the
main mechanisms of drug resistance is ADC eflux,* lack of
susceptibility to multidrug resistant protein 1 (MDR1) is
essential. CO, as a drug delivered by an ADC, could be intriguing
in that it would be unaffected by efflux mechanisms of drug
resistance like MDR1. Furthermore, traditional ADCs are
limited by the frequency of internalization and trafficking
through the endosomal-lysosomal pathway, a relatively infre-
quent event.** The ability of CO to readily diffuse across cellular
membranes could circumvent the need for antibody
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internalization per se. A photoCORM (a prodrug) conjugated to
an antibody also requires that drug release is not dependent on
linker cleavage or through complete degradation of the anti-
body within the tumor cell. The cleavable linkers impart small
molecule drug ADCs with poor pharmacokinetics and circula-
tion instability.** The biotin-streptavidin linker used in this
design is expected to maximize stability and mitigate the
problems related to esterases and proteases within cellular
milieu. The antibody-photoCORM conjugates (Ab-photoCORM)
could be an intriguing tool for addressing some of the funda-
mental limitations of ADCs.
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Figure S1. By electrospray ionization mass spectrometry (ESI-MS), (A) Total ion
count (TIC) chromatogram of 0-5 min for a 5 min run of Complex 1 via flow
injection analysis and (B) full mass spectrum (100-1000 m/z) for retention
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Figure S2. Infrared (IR) spectrum of Complex 1. IR spectrum of solid Complex 1
was recorded in KBr matrix. ve-o: (cm™"): 2030, 1941, 1687.
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Figure S3. Electronic absorption spectrum of Complex 1 in 1x PBS, 25°C.
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Figure S4. Electronic spectrum of Complex 1 upon illumination with low power
(10 mW/cm?), broadband visible light in 20-second intervals. Inset: Integration of
the release rate for the photodegradation of Complex 1, calculated at 390 nm,
with low power (10 mW/cm?), broadband visible light for indicated time.
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Figure S5. Myoglobin assay for CO release from Complex 1 dissolved and
performed in 1X phosphate buffered saline (PBS), triggered by low power (10
mW/cm?), visible light for indicated time.
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Figure S6. Myoglobin assay for CO release from Complex 1 dissolved in human
serum and incubated for 21 h at 37°C, followed by exposure to low power (10
mW/cm?2), broadband visible light for 30 min.
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Figure S7. Effect of treatment of ovarian cancer cell lines with indicated
concentrations of Complex 1 upon illumination with visible light on cell viability,
measured 24 h post-treatment in ovarian cancer cell lines OVCAR-5 and SKOV-

3. Data representative of n=3 independent experiments.
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Figure S8. Chromatogram of Complex 2 following size exclusion
chromatography. [retention time, ~molecular weight, identity] (i) [28.4 min, 366
kDa, 1gG + 4 streptavidin]. (ii) [39.6 min, ~155 kDa, 1gG + 0 streptavidin]. (iii)
[42.7 min, ~121 kDa, I1gG Fragments]. (iv) [20.6 min, ~659 kDa, void volume].
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(B) Chromatogram of Ab-photoCORM, mass filter range m/z = 666.12593-
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Figure S11. Myoglobin assay for CO release from the antibody-photoCORM
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followed by exposure to low power (10 mW/cm?2), broadband visible light for 30
min.
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Figure S12. Cell viability of ovarian cancer cell lines OVCAR-5 and SKOV-3
treated with light-inactivated Complex 1 and Complex 1 in the dark to assess the
cytotoxicity of non-CO components of Complex 1. Data representative of n=3
independent experiments. (* p<0.05)
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Figure S13. Cell viability, as measured by reduction of MTT 24 h post-treatment,
of (A) OVCAR-5 and (B) SKOV-3 treated with 2 pg/mL Complex 2 and control
antibodies. Family of Complex 2 constructed from mouse monoclonal antibodies
raised against human HCAM (a-HCAM), EpCAM (a-EpCAM), GLUT3 (a-GLUT3)
and VEGF-1 (a-VEGF). Contol treatments with vehicle control (Control), IgG
without streptavidin (IgG) and Complex 2 synthesized from control mouse 1gG (a-
Control) included. Data representative of n=3 independent experiments.
(*p<0.05)
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Scheme S2. Calculations for estimation of molar release of CO from antibody-
photoCORM conjugates.

Experimental Section
Materials

Biotin-hydrazide (A8007-100mg) was procured from Apex Biotech, Ltd.
(Xuzhuang, Shaanxi, PRC). Mouse monoclonal antibodies raised against HCAM
(sc-7297), EpCAM (sc-53277), GLUT3 (sc-74399), VEGF-1 (365578) and normal
mosue IgG (sc-2025) were obtained from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). All other chemicals were purchased from Sigma-Aldrich (St. Louis,
MO, USA) unless otherwise stated.

Synthesis of biotin-photoCORM (Complex 1)

[Mn(CO)s(Br)] (100 mg, 0.36 mmol) and 1,10-phenanthroline (phen) (66 mg, 0.36
mmol) was dissolved in 25 mL dichloromethane (DCM) and allowed to stir in the
dark for 20 h at 25°C. The solution, initially dark yellow, was dried down under
vacuum to a yellow powder. Next, 1.5-fold excess AgCF3;SO; (140 mg, 0.54
mmol) was dissolved in 20 mL DCM and added to the yellow product, and
allowed to stir for 1.5 h at 25°C in the dark. The cloudy green solution was
subsequently filtered through a wet Celite pad, and the filtrate was evaporated to
dryness. The resulting yellow powder was dissolved in 50 mL chloroform. To
that stirring solution, 4-pyridinecarboxaldehyde (pyAl) (385 mg, 3.6 mmol) was
added drop wise and allowed to stir for 20 h at 25°C in the dark. The next day,
the solution was dried down under vacuum, revealing orange/yellow
microcrystals of [Mn(CO);(phen)(PyrAl]CF;SO; (155 mg, 0.27 mmol, 75%). To
223 mg (0.39 mmol) of [Mn(CO)s(phen)(PyrAlJCF3SO3, biotin-hydrazide (100 mg,
0.39 mmol) dissolved in 20 mL of freshly distilled 2,2,2-trifluoroethanol was
added, in a similar manner to a previous study.ll The dark yellow solution was
allowed to stir for 20h at 25°C in the dark. The yellow brown solution was
concentrated under vacuum to ~2 mL, then chromatographed on a basic alumina
column (50-200 pym particle diameter). The column was then washed with DCM
(to remove unreacted [Mn(CO)s(phen)(PyrAlJCF3;SO; and biotin-hydrazide and
finally Complex 1 was eluted with DCM/methanol (3/2 v/v).

'H NMR (400 MHz, [D4]-methanol]): 5=1.37-1.84 (m, 6H), 2.30 (t, 2H, 7.4 Hz),
2.68 (m, 1H), 2.89 (m, 1H), 3.18 (m, 1H), 4,24 (m, 1H), 4.47 (m, 1H), 7.53 (m,
2H), 7.86 (s, 1H), 8.20 (m, 4H), 8.38 (m, 2H), 8.87 (m, 2H), 9.88 (m, 2H); IR
(KBr):v = 2039, 1939, 1685 cm'(C=0); HRMS (ESI): m/zcalcd for
C31H29N705SMn: 666.13315 [M+]; found: 666.13539, A ppm = 3.4 ppm, A mDa =
2.2; elemental analysis calcd (%) for C31H29N;05SMn: C 55.86, H 4.35, N 14.71,
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0 12.01, S 4.80, Mn 8.26; found: C 55.84, H 4.39, N 14.71, O 12.01, S 4.80, Mn
8.25.

Physical Measurements

"H NMR spectra of Complex 1 were collected at 298 K on a Varian Unity Inova
500 MHz instrument. FT-IR of Complex 1 was collected on a PerkinElmer
Spectrum-One FT-IR. UV-vis data of Complex 1 were recorded on a Varian Cary
50 UV-vis spectrophotometer.

Myoglobin Assay

Horse heart myoglobin was dissolved in 1X PBS, pH=7.4 to a final concentration
of 50 uM and reduced with 0.1 % sodium dithionite in quartz cuvette under
aerobic conditions. In a second cuvette, Complex 1 was dissolved in 1X PBS to a
final concentration of 50 yM. Antibody-photoCORM conjugates (Ab-photoCORM)
were dissolved in 1X PBS to a final concentration of 10 pg/mL. For myoglobin
assays performed in human serum, either Complex 1 or Ab-photoCORMs was
dissolved to final concentrations of 50 uM or 10 pg/mL respectively in human
serum, followed by >1h incubation at 37°C. Photogenerated CO, triggered by low
power, broadband visible light (10mW/cm2) from Complex 1 or Ab-photoCORM
was released into the headspace and transferred to the reduced Mb solution via
a cannula and positive pressure with N2(g). The extent of the conversion of Mb to
carboxymyoglobin (MbCO) was monitored by the change in absorbance at 540
nm, a reliable determination of CO-release from organometallic carbonyl
complexes.[? The source of low power, broadband visible light was an IL 410
lllumination System purchased from Electro Optical Components, Inc. (Santa
Rosa, CA, USA). Visible light power was measured with a Field MaxlII-TO laser
power meter purchased from Coherent (Palo Alto, CA, USA).

Photolysis Experiments

The rate of CO release (kco) for Complex 1 at 25 °C in 1x PBS was assessed
with in 1 cm x 1 cm quartz cuvettes. The ko of Complex 1 (concentration = 3.0 x
1075 M, 390 nm, 25°C) was determined by recording the electronic absorption
spectra, monitoring changes in the spectra following exposure to light at regular
intervals. kco was then calculated from the In[Complex 1] versus time (f) plot.

Synthetic strategy of streptavidin-conjugated mouse IgG (Complex 2)

Conjugation of 1 mg mouse IgG, either control or antigen-specific IgG, with
streptavidin was performed utilizing the Streptavidin Conjugation Kit (ab102921,
Cambridge, MA, USA). Native gel electrophoresis and size exclusion
chromatography were used to analyze and characterize streptavidin-conjugated
antibodies. Complex 2 was quantified for use in subsequent cellular studies by
measuring total protein using a Pierce™ BCA Protein Assay Kit (23225,
ThermoFisher Scientific, Waltham, MA).

Native Gel Electrophoresis

217



2 ug of streptavidin-IgG conjugate was combined with native loading dye (62.5
mM Tris-HCI, pH=7.4, 40% glycerol and 0.01% bromophenol blue) and loaded
onto a 4-12% Mini-PROTEAN TGX Precast Protein Gels (#4561095, Bio-Rad,
Hercules, CA, USA) and separated under non-reducing, native conditions.
Protein bands were visualized using Coomassie Brilliant Blue R-250 (#161-0436).

Size Exclusion Chromatography

Separation and simultaneous UV absorbance detection at 214 nm of
streptavidin-conjugated antibodies and antibody-photoCORM conjugates was
performed using a 7.5 D x 60 cm, 3 yum Tosoh TSK G4000SW (stainless steel)
column. The column was preconditioned with molecular weight standards. The
mobile phase was prepared with 137 mM NaCl, 2.7 mM KCI, 4.3 mM Na,HPOy,,
1.47 mM KH,PO,, pH = 6.8 and sterile filtered and degassed prior to use.
Separation species based on size was performed at a flow rate of 0.5 mL/min, 25
°C. Fractions of streptavidin-conjugated antibodies and antibody-photoCORM
conjugates were further characterized by bottom up proteomics.

Synthesis of antibody-photoCORM Conjugates (Ab-photoCORM)

Complex 2 (100 pg, ~273 pmol) pre-dissolved in 500 yL 1X PBS was reacted
with excess Complex 1 (40.0 ng, 60 nmol) pre-dissolved in 500 uL 1X PBS for 1h
at 25°C in the dark. The antibody-photoCORM conjugates (Ab-photoCORMSs)
were purified using size exclusion chromatography. Bottom up proteomics and
HPLC-MS/MS analysis was utilized to characterize the composition of Ab-
photoCORMSs. Detection of Complex 1 in Ab-photoCORMs was observed in full
MS scans in the bottom up proteomic assays.

Bottom Up Proteomics Analysis

10 ug of each antibody-photoCORM conjugate, as determined by BCA Protein
Assay, were solubilized in 200 pL lysis buffer (12 mM sodium lauroyl sarcosine,
0.5% sodium deoxycholate, 50 mM triethylammonium bicarbonate (TEAB))
followed by 10 min bath sonication and heating at 95°C for 5 min. The samples
were then diluted to 0.5 mg total protein/mL with lysis buffer, then a 100 pL
aliquot was treated with 5 mM tris(2-carboxyethyl) phosphine (TCEP) prepared in
50 mM aqueous TEAB at 60°C for 30 min. Next, the samples were treated with
10mM chloroacetamide, prepared in 50 mM TEAB, for 30 min at 25°C in the
dark. Samples were diluted 5-fold in 50 mM TEAB, then incubated overnight with
Sequencing Grade Modified Trypsin (1:100, [Ig trypsin: [Ig total protein). The
next day, an equal volume of ethyl acetate/trifluoroacetic acid(TFA, 100/1, v/v)
was added to samples, followed by 5 min vigorous vortexing and centrifugation
(13,000 x g, 5 min). Desalting of samples was performed similar to that
previously  described.®@  Dried samples were  reconstituted in
acetonitrile/water/TFA (2/98/0.1, v/viv), loaded onto a C18-silica disk (3M,
Maplewood, MN, USA) placed inside a 200 pL pipet tip. Prior to sample loading
onto the disk, it was equilibrated with methanol (20 uL), acetonitrile/water/TFA
(20 p L, 80/20/0.1, viviv), then finally acetonitrile/water/TFA (2/98/0.1, viviv). The
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samples loaded onto the disks were washed with acetonitrile/water/TFA (20 pL,
2/98/0.1, vivlv) and eluted with acetonitrile/water/TFA (40 pL, 80/20/0.1, v/viv).
Eluents were concentrated under vacuum centrifugation and reconstituted in 10
uL water/acetonitrile/formic acid, 98/2/0.1, v/v/v). 5 pL aliquots were injected onto
a reverse phase nanobore HPLC column (AcuTech Sceintiic, C18, 1.8 um
particle size, 360 pm x 20 cm, 150 pm ID), equilibrated in
water/acetonitrile/formic acid (98/2/0.1, v/v/iv: min/%; 0/0, 5/3, 18/7, 74/12,
144/24, 153/27, 162/40, 164/80, 174/80, 176/0, 180/0) using an Eksigent
NanoLC-2D system (Sciex, Framingham, MA, USA). The flow from the column
was directed towards nanospray ionization source connected to a Q Exactive™
Hybrid Quadrupole-Orbitrap™ Mass Spectrometer (Thermo Fisher Scientific).
Data-dependent mass spectra were acquired alternating between full scan (m/z
350-2000, automated gain control target 3 x 103, 50 ms maximum injection time,
FWHM resolution 70,000 at m/z 200) and up to 10 MS/MS scans (quadrupole
isolation of charge states 21, isolation width 1.2 Th) with optimized fragmentation
conditions (normalized collision energy of 32, dynamic exclusion of 30 s, AGC
target 1 x 10, 100 ms maximum injection time, FWHM resolution 35,000 at m/z
200). Analysis of raw data and peptide/protein identification of the antibody-
photoCORM conjugates was performed using Mascot to search the UniProt-
Mouse database. Common Contaminants database was also searched to identify
streptavidin. Probability based scoring was used to determine significance of
data, where reported scores = -10 x Log1o(P), where P is the absolute probability
that the observed match between the experimental data and the database
sequence is a random event.*5 Scores >67 are considered significant
(p<0.05).451 Complex 1 associated with Ab-photoCORM was observed in the full
MS scan data (Figure S6).

Cell culture

Ovarian cancer cell lines OVCAR-5 and SKOV-3 were obtained from American
Type Culture Collection (Manassas, VA, USA). OVCAR-5 and SKOV-3 were
grown in RPMI 1640 Medium (11875119, ThermoFisher Scientific) supplemented
with 10% fetal bovine serum (FBS, 16000) and 100 U/mL penicillin-streptomycin
(15070063) were all purchased from ThermoFisher Scientific. Cells were
passaged < 10 times after acquisition from the manufacturer.

Cell Viability (MTT) Assay

Cell viability was assessed by the cellular reduction of tetrazolium dye MTT
performed in 96-well tissue culture plates. 2 x 103 cells/well were allowed to seed
overnight in a 37 °C incubator + 5% CO,. The following day, cells were treated as
indicated with Complex 1 or Complex 2, then assessed for viability 24 h post-
treatment. Following removal of cell culture media, 0.5 mg/mL MTT dissolved in
fresh 1x DMEM was added and allowed to incubate for 2 h in a 37 °C incubator +
5% CO,. Cell viability was quantified by measuring the relative amount of MTT
reduced to insoluble formazan. Following solubalization of formazan in 10% SDS
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+ 0.01 N HCI, formazan was measured by taking the absorbance at 570 mm,
reference wavelength taken at 690 nm.

Western Analysis

Whole cell lysates were extracted using RIPA lysis buffer (150 mM NaCl, 5 mM
EDTA pH 8.0, 50 mM Tris pH 8.0, 1% Triton X-100, 0.5% sodium deoxycholate,
1% SDS and 1x protease inhibitor cocktail. BCA Protein Assay assayed soluble
fractions for total protein content. 20 ug of soluble cell lysates from samples were
resolved on 10% SDS-PAGE gel and transferred to poly(vinylidene difluoride)
(PVDF) membrane. All following blocking and antibody solutions were prepared
in 1x PBS + 0.1% Tween 20. Membranes, following blocking in 5% nonfat dried
milk for 18 h at 4°C, were probed with primary (1:1000 dilution) antibody
overnight at 4°C and then horseradish peroxidase (HRP)-conjugated secondary
(1:10,000 dilution) antibody for 1 h at 25°C. Immunofluorescent signals were
amplified with Pierce ECL Plus Western blotting substrate (32132, ThermoFisher
Scientific).

Live-cell Immunosorbent Assay

2 x 103 cells/well of 96-well tissue culture plates were allowed to seed overnight
at 37°C + 5% CO,. The next day, cells were treated as indicated with 0-10 pg/mL
antibody-photoCORM conjugates (Ab-photoCORM), as measured by BCA
Protein Assay. Immunosorbence of Ab-photoCORMSs to the adherent live cells
was allowed to occur for 60 min in the dark at 37°C + 5% CO,. a-Control Ab-
photoCORM, utilizing control mouse IgG (sc-2025, Santa Cruz Biotechnology),
was utilized as control to assess the specificity of the other antibody-photoCORM
conjugates. Following incubation, the media was gently aspirated, followed by
three 250 pL washes with 1X PBS in the dark to remove any non-specific binding.
100 pL fresh cell culture media was added, followed by illumination with low
power, visible light for 30 min to trigger release of CO from any Ab-photoCORM
present after immunosorbence and washing. Cell viability, as measured by the
reduction of MTT, was assayed 24 h post-illumination of light.

Statistical Analysis

Data are expressed as the mean + standard error mean (range) or as percentage
of control value where indicated. Comparisons between two groups were made
using the Student’s t-test. Comparisons between more than two groups were
made using the One-way ANOVA/ Tukey's post hoc test. p-values < 0.05 were
considered statistically significant. All calculations were performed using
GraphPad Prism software package (GraphPad Software Inc., San Diego, USA).
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Chapter 5

Carbon monoxide inhibits cytochrome P450 enzymes CYP3A4/2C8 in human

breast cancer cells, increasing sensitivity to paclitaxel
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Table 5.1. Table of Content

5.1 Background

Cytochrome P450 enzymes (CYPs) are a large class of heme-containing
monooxygenases that catalyze NADPH-dependent substrate oxidation via the
homolytic cleavage of molecular oxygen. Functionally, CYPs are classified into two
groups: those that catalyze endogenous substrate oxidation, such as hormones, and
those that catalyze exogenous substrate oxidation such as drugs and other xenobiotics.
Drug-metabolizing CYP expression is largely localized in the liver and
gastrointestinal tract, though aberrant expression of specific isoforms of CYP have

been identified in many solid tumors, including breast tissue.' Multiple studies have
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reported the overexpression of drug-metabolizing CYPs in breast cancer, where they
are believed to play roles in imparting drug resistance.” Of these CYPs, CYP3A4 is
one of the more promising therapeutic targets. CYP3A4 has broad substrate
recognition, metabolizing 60% of the drugs currently on the market and a number of
anti-cancer drugs utilized in the treatment of breast cancer, including paclitaxel

(PTX).*’

PTX is a taxane-based therapy and one of the most important anti-cancer drugs
available today. It is the most widely used anti-cancer drug and frequently used as
the first-line treatment of breast cancer. However, like other anti-cancer drugs, PTX
resistance arises often and quickly in human breast cancer cells.’ There is substantial
evidence that CYP isoforms 3A4 and 2C8 (CYP3A4 and CYP2CS) are overexpressed
in malignant breast tissue and that their activity may limit the intracellular
concentrations of taxanes, like PTX, and impart drug resistance.”® Furthermore,
CYP3A4 expression in malignant breast tissue is predictive of resistance to taxane
therapy.” CYP3A4 and CYP2C8 metabolize paclitaxel (PTX) into inactive
metabolites 3-para-hydroxy-paclitaxel (3"-p-OH-PTX) and 6a-hydroxy-paclitaxel (6-
OH-PTX) respectively.'” CYP3A4/2C8 metabolism of PTX is likely one mechanism
of drug resistance in the breast cancer cells as the PTX metabolites are an order of
magnitude less active.'' Inhibition of CYP-mediated PTX inactivation in breast
cancer cells in situ could improve the efficacy of PTX and decrease the incidence of

PTX resistance, revitalizing its use in the clinical setting.
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Inhibition of CYPs is well characterized and understood as it is the basis of drug-drug
interactions in pharmacology. Perhaps the simplest inhibitor of CYP activity is carbon
monoxide (CO). CO binds the ferrous state of the heme center in CYP, preventing the
binding of molecular oxygen (O,), which upon spectroscopic analysis, affords an
absorption maxima at ~450 nm, thus its name.'* The inhibition of metabolic processes

by CO is indicative of CYP involvement.'>'*

Until recently, however, the use of CO,
a diffusible gas, as a therapeutic agent to inhibit CYP activity in a target tissue was
not feasible. The development of CO-releasing molecules (CORMs) and specifically
photoactivatable CO-releasing molecules (photoCORMs), small molecules capable of
introducing CO to a biological target with temporal and dose control, has improved
the prospect for therapeutic CO."”> Additionally, CO has demonstrated anti-cancer
effects, reported to circumvent drug resistance in both cellular and animal models of
cancer.'®'® CO is a promiscuous inhibitor of ferrous heme enzymes and exerts anti-
cancer and drug sensitizing effects through multiple targets concertedly, though likely
to different extents. CYP appears a likely therapeutic target of CO in cancer models

where CYP expression is substantial, though no such study has been performed to this

date.

CYP isoforms CYP3A4 and CYP2C8 metabolically inactivate PTX, are
overexpressed in malignant breast tissues and are correlated with poorer patient
prognosis. CYP3A4 expression in malignant breast tissues is also predictive of
resistance to taxane therapy. Additionally, a known inhibitor of CYP activity, CO, is

a demonstrated anti-cancer drug-sensitizing agent in human breast cancer cells. We
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therefore initiated the present study to determine whether CO could sensitize human

breast cancer cells to PTX and whether it was due to CYP inhibition.

5.2. Expression and activity of CYP3A4 in breast cancer cells and tissues

Three human breast cancer cell lines were selected for this study, along with a human
hepatocellular carcinoma cell line, a model that is known to express numerous CYP
isoforms and other enzymes associated with multidrug resistance.” The greatest
relative expression of CYP3A4 was detected in MCF-7 compared to MDA-MB-231,
MDA-MB-468 and HepG2 (Figure 5.1A). CYP2CS8 protein expression was also
detected in whole cell lysates of the human breast cancer cells, though at lower levels
relative to HepG2 (Figure 5.1A). Similar to relative expression levels, CYP3A4
activity was greatest, >3-fold, in MCF-7 compared to MDA-MB-231 and MDA-MB-
468 (Figure 5.1B). Additionally, CYP3A4 expression was generally higher in human
breast cancer tissues compared to normal human breast tissues (Figure 5.1C),
providing further evidence for a meaningful role for CYP3A4 in human breast cancer

biology.
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Figure 5.1. Expression and activity of CYP3A4 in human breast cancer cells and
tissues. (A) Western blots detecting expressions of cytochrome P450 3A4/2C8
(CYP3A4/2C8) and ATP-binding cassette transporters multi-drug resistance protein 1
(MDR1) and breast cancer resistance protein (BCRP) in 20 pg whole cell lysate of
human breast cancer cell lines (MCF-7, MDA-MB-231 and MDA-MB-468) and
human hepatocellular carcinoma cell line HepG2. GAPDH expression was used as a
loading control. (B) CYP3A4 activity assay in human breast cancer cell lines. (C)
Western blots of CY3A4 expression in 20 pg extracts of normal and cancerous
human breast tissues. GAPDH was again used as a loading control. Blots
representative of at least n=3 independent experiments. Data representative of n=3
independent experiments.

5.3. CYP3A4 activity in human breast cancer cells in the presence of CO,

delivered by photoCORM

The role of CYP3A4 in human breast cancer and drug resistance to PTX was
explored by inhibiting its enzymatic activity using CO. Controlled delivery CO to

cells in culture conditions was achieved with a designed photoCORM (Figure 5.2).

226



Figure 5.2 [Mn(CO);(phen)(PTA)]CF3SOs (photoCORM) where phen is 1,10-
phenanthroline, PTA is 1,3,5-Triaza-7-phosphaadamantane and CF;SOs3 is
trifluoromethylsulfonate. Protons and CFs;SO; counterion have been omitted for
clarity.

CO, delivered by 50 and 100 pM photoCORM, inhibited recombinant CYP3A4
activity ~2.3 and ~3.4-fold, respectively, compared to control, though only 100 uM
photoCORM treatment resulted in a statistically significant difference from control
(Figure 5.3A). In cell culture models, CO from 100 pM photoCORM inhibited
CYP3A4 activity to an even greater degree, ~3.7-fold in MCF-7 and ~3.1-fold in
MDA-MB-231 cell cultures (Figure 5.3B). While CYP3A4 activity appears to be
inhibited by CO in MDA-MB-468, which exhibited the lowest basal CYP3A4 activity
among the breast cancer cell lines, the difference was not statistically significant

(Figure 5.3B).
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Figure 5.3. CYP3A4 activity in the presence of carbon monoxide (CO), delivered by
photoactivatable CO-releasing molecule (photoCORM). (A) Recombinant CYP3A4
enzyme activity in the presence of CO delivered from 0-100 pM photoCORM.
Enzyme activity was assayed 20 min after light-triggered release of CO from
photoCORM. (B) CYP3A4 activity in human breast cancer cell lines MCF-7, MDA-
MB-231 and MDA-MB-468 in the presence and absence of CO, delivered by 100 uM
photoCORM. Photo-inactivated photoCORM (i(CORM) was used as the control
treatment to account for any effects of the non-CO, molecular scaffold of the
photoCORM on CYP3A4 activity in cells. Enzyme activity was assayed 24 h post-
treatment with CO. Data representative of n=5 independent experiments (* p<0.05).

5.4. Pharmacokinetics and pharmacodynamics of PTX in immortalized, human

breast cancer cell cultures

The metabolism of PTX in the four cell lines was monitored by LC-MS/MS-MRM,
by adapting a previously published method.*® Protonated PTX and the collisionally
induced dissociation (CID) fragment ions were used to establish and optimize an
MRM for quantitating PTX in cell culture extracts (Figure 5.4). However, 6-OH-PTX
and 3'-p-OH-PTX, structural isomers with identical reversed phase retention times
and parent m/z values, only formed sodiated adducted during LC-MS, and these were

refractory to CID dissociation, as is frequently the case for alkali-metal adducts. In
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this case we monitored the parent-to-parent (M+Na)™ signal intensity of the two

metabolites, affording one signal, OH-PTX, for the sum of both (Figure 5.4).
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Figure 5.4. Representative chromatograms of the measurement, by high performance
liquid chromatography-mass spectrometry (HPLC-MS), of intracellular paclitaxel
(PTX) ([M+H]" m/z: 854 - 286, rt ~ 35.4 min) and hydroxy-paclitaxel (OH-PTX)
([M+Na] m/z: 892 > 892, 1t ~ 32.8 min) in PTX-treated human breast cancer cells.
Deuterated PTX (*Hs-PTX) ([M+H]™ m/z: 859 = 509, rt ~ 52.3) was used as an
internal standard.

LC-MS/MS-MRM measurements of standard solutions of 6-OH-PTX and 3’-p-OH-
PTX, prepared in MCF-7 lysate, afforded standard curves which, when combined

together, had acceptable goodness-of-fit (Figure 5.5).
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Figure 5.5. Standard curve of hydroxyl-paclitaxel (OH-PTX) prepared in cell lysate.
Standard solutions of 0-10 pmol OH-PTX prepared in human breast cancer cell line
lysate MCF-7. OH-PTX ([M+Na]" m/z: 892 - 892, rt ~ 32.8 min). Internal
Deuterated PTX (*Hs-PTX) ([M+H]" m/z: 859 = 509, rt ~ 52.3) was used. Data
representative of n=5 independent experiments.

In PTX-treated cells, intracellular OH-PTX was detected only in MCF-7 cells, ~1-7
fmol pg” (Figure 5.6A). Intracellular concentrations of the parent substrate, PTX, in
the cell lines were highest in MCF-7, ~2-fold lower in MDA-MB-231, 2.4-fold lower
in MDA-MB-468 and ~2000-fold less in HepG2 (Figure 5.6B). As ABCs are
believed to influence intracellular accumulation of many anti-cancer drugs and are
implicated in multidrug resistance, the relative expression levels of multidrug
resistance protein 1 (MDR1 or ABCBI1/P-glycoprotein) and breast cancer resistance
protein (BCRP or ABCG2), two transporters shown to play mediating roles in

21-23
d.

multidrug resistance, were determine MDRI expression was only detected in

HepG2 (Figure 5.1A), while BCRP expression was low in all cell lines, though
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immunoblot bands for BCRP in MDA-MB-231 and MDA-MB-468 were slightly

more intense (Figure 5.1A).

PTX-induced expression of CYPs and ABCs was also considered, as CYPs
and ABCs are capable of co-induction and have overlapping substrate specificity, as
is the case with CYP3A4/2C8, MDR1 and BCRP.** Furthermore, induction of CYPs
and ABCs in cancer cells in the presence of a xenobiotic drug is well documented and
implicated as the mechanism of acquired drug resistance in cancer.” In the timescales
of our experiments, 24 h treatments of MCF-7 cells with 0.5 and 1 uM PTX, only
CYP3A4 exhibited minor induction compared to control, while CYP2C8, MDR1 and
BCRP expression did not exhibit visible expression changes with increasing
concentrations of PTX (Figure 5.6C). Levels of intracellular OH-PTX and PTX,

however, increased in MCF-7 with increasing doses of PTX (Figure 5.6D-E).
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Figure 5.6. Pharmacokinetics and pharmacodynamics of paclitaxel (PTX) in
immortalized, human breast cancer cell cultures. (A) Intracellular hydroxy-PTX (OH-
PTX) concentrations in cell cultures treated with PTX (1 uM) for 24 h measured by
LC-MS/MS-MRM. Data were normalized to total protein. (B) Intracellular PTX
concentrations in cell cultures treated with 1 pM PTX for 24 h also as measured by
LC-MS/MS-MRM. Data were normalized to total protein. (C) Representative western
blots of 20 pg per lane whole cell lysates of MCF-7 cells treated with 0-1 uM PTX
for 24 h. Positive control (+ve Ctrl) of 10 pug HepG2 whole cell lysate was used.
GAPDH expression was used as a loading control. Measurement, by HPLC-MS/MS-
MRM, of (D) intracellular OH-PTX and (E) intracellular PTX in MCF-7 cells treated
with 0-1 uM PTX for 24 h. Data were normalized to total protein. Data representative
of n=5 independent experiments. Blots representative of n=3 independent
experiments.
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5.5. Effect of CO on the pharmacokinetics of PTX and the effects in human

breast cancer cells

Having found that CYP activity was inhibited by CO (Figure 5.3B) and that CYP-
mediated metabolism of PTX occurred in human breast cancer cells (Figure 5.6A, D),
we sought to determine if CO could alter the pharmacokinetics of PTX in human
breast cancer cells. Intracellular levels of OH-PTX in MCF-7 treated with PTX
declined in a dose-dependent manner with CO co-treatment (Figure 5.7A). Treatment
of MCF-7 with increasing concentrations of CO did not result in any statistically
significant changes in intracellular PTX, though linear regression analysis of the data
revealed a possible correlation between CO and increasing intracellular levels of PTX
(Figure 5.7B). The response of human breast cancer cells to PTX, as measured by
decreased cell viability, was enhanced in the presence of CO. Delivered from 50 uM
and 100 uM photoCORM, CO led to diminution of the IC50 of PTX for cells ~140-

fold and ~210-fold compared to control-treated cells (Figure 5.7C).
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Figure 5.7. Effects of carbon monoxide (CO) on the pharmacokinetics of paclitaxel
(PTX) and the effects in human breast cancer cells. (A) Intracellular hydroxy-
paclitaxel (OH-PTX), as measured 24 h post-treatment by LC-MS/MS-MRM in 1 uM
PTX-treated MCF-7 cells with co-treatment of CO delivered by 50/100 puM
photoactivatable CO-releasing molecule (photoCORM). 100 puM light-inactivated
photoCORM (iCORM) was used as a treatment to control for effects of the molecular
scaffold on intracellular OH-PTX levels. (B) Intracellular PTX levels in MCF-7 cells
treated with 1 uM PTX in the presence of increasing concentrations of CO, delivered
by 50 and 100 uM photoCORM. Measurements were performed by LC-MS/MS-
MRM 24 h post-treatment. Linear regression of the data was performed to predict the
effect of CO on intracellular PTX levels. (C) Dose-response curves of PTX treatment
on cell viability of MCF-7 cells in the presence of CO, delivered by 50 and 100 pM
photoCORM 24 h post-treatment. Data representative of n=5 independent
experiments (* p<0.05).

The photoCORM-normalized dose-response curves of MCF-7 to PTX also revealed
increased cell death response to PTX in the presence of CO compared to controls

(Figure 5.8).
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Figure 5.8. Normalization to 0 pM PTX (log[0 uM PTX] ~ -7.8) of cell viability
curves of human breast cancer cell line MCF-7, presenting the dose-response of
paclitaxel (PTX) on cell viability in the absence (Control) and presence of carbon
monoxide (CO), delivered by 50/100 uM photoactivatable CO-releasing molecule
(photoCORM)). Cell viability was measured 24 h post-treatment by the cellular
reduction of tetrazolium salt (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide or MTT. Data representative of n=5 independent experiments.

In contrast, in MDA-MB-231 cells where intracellular OH-PTX formation was not
detected (Figure 5.6A) and intracellular levels of PTX were ~2-fold lower than in
MCEF-7 (Figure 5.6B), the increase in sensitivity of MDA-MB-231 cells to PTX in the
presence of CO was orders of magnitude less than in MCF-7 cells, ~1.6-fold and

~2.4-fold respectively in the presence of CO (Figure 5.9).
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Figure 5.9. Effect of carbon monoxide (CO) co-treatment on the dose-response of
paclitaxel (PTX) on the cell viability of human breast cancer cell line MDA-MB-231.
Cells were treated in the absence (Control) and presence of CO, delivered by 50/100
uM photoactivatable CO-releasing molecule (photoCORM). Cell viability was
measured 24 h post-treatment by the cellular reduction of tetrazolium salt (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide or MTT. Data representative
of n=3 independent experiments.

Of note, CO alone elicited significantly greater cell death in MDA-MB-231 compared

to MCF-7 cells (Figure 5.10).
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Figure 5.10. Cell viability of human breast cancer and human hepatocellular
carcinoma cell lines in the presence of carbon monoxide (CO). MCF-7, MDA-MB-
231 and HepG2 cells were treated with CO, delivered by indicated concentrations of
photoactivatable CO-releasing molecule (photoCORM) for 24 h, then assayed for cell
viability by the cellular reduction of tetrazolium salt (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide or MTT. Data representative of n=3 independent
experiments.

Additionally, the photoCORM-normalized response of MDA-MB-231 cell viability

to PTX was not markedly different in the presence and absence of CO (Figure 5.11).
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Figure 5.11. Initial value-normalized dose-response curves to paclitaxel (PTX) on
cell viability of human breast cancer cell line MDA-MB-231 in the absence (Control)
and presence of carbon monoxide (CO), delivered by 50/100 uM photoactivatable
CO-releasing molecule (photoCORM)). Cell viability was measured 24 h post-
treatment by the cellular reduction of tetrazolium salt (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide or MTT. Data representative of n=3 independent
experiments.

5.6. Effects of chloramphenicol on CYP3A4/2C8-mediated metabolism of PTX in

human breast cancer cells

Because it was not possible to distinguish between 3 -p-OH-PTX and 6-OH-PTX by
LC-MS/MS-MRM (Figure 5.4), chloramphenicol (CAM), a potent inhibitor of
CYP3A4, Ki = 10.6 uM, but not CYP2C8,*® was used. The sensitivity of MCF-7 cells
to PTX was assessed in the presence of CAM, where it was found that both 10 and 20
UM inhibitor increased the sensitivity of MCF-7 to PTX ~120-fold compared to

control treatments (Figure 5.12A).
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Figure 5.12. Effects of small molecule, pharmacological inhibition of CYP3A4-
mediated metabolism of PTX in human breast cancer cells. (A) Representative cell
viability curves, showing the effect of CAM co-treatment on the dose-response of
PTX on the cell viability of human breast cancer cell line MCF-7. Cells were treated
in the absence (Control) and presence of 10 and 20 uM CAM. Cell viability was
measured 24 h post-treatment by the cellular reduction of tetrazolium salt (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide or MTT. (B) LC-MS/MS-
MRM measurements of intracellular OH-PTX levels in MCF-7 cells 24 h post-
treatment with 1 uM PTX and either CO, delivered by 100 uM photoCORM, or 20
uM CAM. (C) Graphical summary of magnitude of perturbations in intracellular OH-
PTX in PTX-treated MCF-7 cells in response to CO and CAM treatments. (D)
Intracellular PTX levels, measured by LC-MS/MS-MRM, in MCF-7 cells 24 h post-
treatment with 1 uM PTX and either CO, delivered by 100 uM photoCORM, or 20
uM CAM. Data representative of n=5 independent experiments. (* p<0.05)
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Initial condition-normalized response curves of MCF-7 cell viability to PTX afforded
dose-response curves showing increased response to lower concentrations of PTX in

the presence of CAM (Figure 5.13).
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Figure 5.13. Initial value-normalized cell viability curves of the dose-response of
paclitaxel (PTX) on cell viability of human breast cancer cell line MCF-7 in the
absence (Control) and presence of 10/20 uM chloramphenicol (CAM). Cell viability
was measured 24 h post-treatment by the cellular reduction of tetrazolium salt (3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide or MTT. Data
representative of n=5 independent experiments.

The 20 uM CAM dose decreased the levels of intracellular OH-PTX ~55% in MCF-7,
while CO decreased OH-PTX levels to a greater magnitude, ~67% (Figure 5.12B).
Further analysis of intracellular measurements of these data (Figure 5.12B) afforded
insight and an estimation of the enzymatic sources of OH-PTX. Of the ~2.86 fmol pg
" OH-PTX measured in MCF-7 that was CO-responsive, ~83% of that was CAM-
responsive, leaving ~17% that was sensitive to CO-mediated, but not CAM-mediated

inhibition (Figure 5.12C). Additionally, intracellular PTX levels in PTX-treated
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MCF-7 did not change significantly in the presence of either CO or CAM (Figure
5.12D). In case of MDA-MB-231, cell viability was decreased to a greater extant in

the presence of CAM and PTX compared to PTX alone (Figure 5.14).
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Figure 5.14. Effect of chloramphenicol (CAM) co-treatment on the dose-response of
paclitaxel (PTX) on the cell viability of human breast cancer cell line MDA-MB-231.
Cells were treated in the absence (Control) and presence of 10 and 20 pM
chloramphenicol (CAM). Cell viability was measured 24 h post-treatment by the
cellular  reduction of tetrazolium salt (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide or MTT. Data representative of n=3 independent
experiments.

Normalization of the data to initial conditions revealed increased sensitivity of MDA-
MB-231 cells to PTX in the presence of 20 uM CAM only, though this effect was

limited to PTX concentrations <0.5 uM PTX (Figure 5.15).
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Figure 5.15. Initial value-normalized cell viability curves of human breast cancer cell
line MDA-MB-231 of the dose-response of paclitaxel (PTX) on cell viability in the
absence (Control) and presence of 10/20 uM chloramphenicol (CAM). Cell viability
was measured 24 h post-treatment by the cellular reduction of tetrazolium salt (3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide or MTT. Data
representative of n=3 independent experiments.

5.7. CO and the pharmacokinetics of PTX in HepG2 cells

HepG2, a cell line model of a disease characterized by multidrug resistance,”’ was
highly sensitive to CO-mediated growth restriction and/or cell death, IC50 ~1.19 uM
(Figure 5.16A). This was in contrast to human breast cancer cells, which were
significantly more tolerant of CO alone compared with HepG2 (Figure 5.10).
Therefore, to asses the ability of CO to sensitize HepG2 cells to PTX, rather than
assess the cytotoxic effects of CO itself, lower doses of CO, delivered by
photoCORM, were used in PTX-cell viability dose-response experiments. In these

expriments, HepG2 was observed to have a >200-fold response in cell death in the
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presence of CO, delivered by 1 and 10 uM photoCORM, compared to its absence

(Control) (Figure 5.16B).
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Figure 5.16. Effects of carbon monoxide (CO) on the pharmacokinetics of paclitaxel
(PTX) in human hepatocellular carcinoma cells. (A) Cell viability curve of the
response of HepG2 cells to CO, delivered by photoCORM. Cell viability was
measured 24 h post-treatment by the cellular reduction of tetrazolium salt (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide or MTT. (B) Dose-response
of HepG2 cell viability to PTX in the presence of CO, delivered by 1 and 10 uM
photoactivatable CO-releasing molecule (photoCORM), and absence of CO (Control).
Cell viability was measured 24 h post-treatment by MTT assay. (C) Intracellular PTX
levels in HepG2 24 h post-treatment with PTX and or CO, delivered by photoCORM,
assayed by LC-MS/MS-MRM. Light-inactivated photoCORM (iCORM) treatments
were performed as a control for the non-CO molecular scaffold of photoCORM.
Viability curves representative of n=3 independent experiments. LC-MS/MS-MRM
data are representative of n=5 independent experiments. (* p<0.05)

Normalization of these dose-response curves to initial conditions also revealed
increased cell death response to PTX in the presence of CO compared to controls

(Figure 5.17).
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Figure 5.17. Initial condition-normalized cell viability curves of the response of
human hepatocellular carcinoma cells to paclitaxel (PTX) in the absence (Control)
and presence of carbon monoxide (CO) delivered by 1 and 10 uM photoactivatable
CO-releasing molecule (photoCORM). Cell viability of HepG2 cells was measured
24 h post-treatment by the cellular reduction of tetrazolium salt (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide or MTT. Data representative
of n=3 independent experiments.

A significant effect on intracellular PTX levels of HepG2 was observed between
treatments of varying concentrations of PTX and/or CO, as determined by one-way
ANOVA (F(6,25) = 3.343, p = 0.0148), though the only statistically significant
difference observed, that was relevant to the pharmacokinetics of PTX, was between

2 uM PTX-treated and 2 uM PTX + 20 uM photoCORM-treated cells (Figure 5.16C).

5.8 Discussion

The importance of CYP3A4 in drug resistance in breast cancer is highlighted by the

observation that its expression positively correlates with poor prognosis and
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therapeutic failure of taxanes.”*

Until the findings presented here, however, no study
had directly demonstrated that CYP3A4 expression and activity influences the

sensitivity of human breast cancer cells to PTX.

While CYP3A4/2C8 was expressed in human breast cancer cells and HepG2 (Figure
5.1A), our results indicated that the formation of detectable levels of OH-PTX (Figure
5.6A) in PTX-treated cell cultures was contingent on both high CYP3A4
activity/expression (Figure 5.1A, B) and sufficient intracellular accumulation of PTX
(Figure 5.6B) in the cell line; thus OH-PTX was only detected in MCF-7 (Figure
5.6A). In addition, although the expression of MDRI1 and BCRP appeared to
influence intracellular PTX levels in the cell cultures, it should be noted that broadly
speaking, the contribution of ABCs to drug resistance is controversial. They have
been the most popular therapeutic target for circumventing drug resistance, and yet
clinical studies targeting ABCs have generally afforded poor results, with the
majority failing due to lack of efficacy or toxicity.”” There is no strong evidence that
MDRI1 expression contributes directly to drug resistance.”” While their expression
patterns explain some of the observed differences in the pharmacokinetics of PTX
(Figure 5.1A, 5.6A, 5.6B), CYP3A4/2C8-mediated inactivation of PTX in certain
human breast cancer models, i.e. MCF-7, appeared to be a key mode of drug
resistance in cancer; CO sensitized MCF-7 to PTX (Figure 5.7C, 5.8) and CYP3A4
inhibitor CAM elicited similar sensitization (Figure 5.12A, 5.13). The use of CAM

also afforded an estimate of the relative activities of CYP3A4 and CYP2CS, with
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CYP3A4 identified as the major enzyme, and CYP2CS8 the minor enzyme, in the

metabolic inactivation of PTX in human breast cancer (Figure 5.12C).

Additionally, our findings indicated that the expression of CYP3A4/2C8 alone was
not necessarily indicative of appreciable CYP-mediated inactivation of PTX as
explained by our studies with MDA-MB-231. The ability of CO to increase the cell
death response of MDA-MB-231 to PTX (Figure 5.9, 5.11) was qualitatively different
compared to MCF-7. Unlike in MCF-7, in MDA-MB-231 CO and PTX co-treatment
appeared to elicit a more simple, cumulative cytotoxic effect on MDA-MB-231 cell
viability (Figure 5.9) that was revealed upon normalization of the curves to initial
conditios (Figure 5.11). Interestingly, CAM co-treatment elicited greater response of
MDA-MB-231 to PTX (Figure 5.14, 5.15) despite the lack of detectable intracellular
OH-PTX (Figure 5.6A). In addition to its specific inhibition of CYP3A4, CAM has
been reported to induce mitochondrial stress and deplete intracellular ATP levels in
cancer cells.”’ Interestingly, a similar depletion in intracellular ATP levels has been
reported to be a mechanism of CO-induced uncoupled mitochondrial respiration and

drug sensitization in cancer cells.’**

Depletion of cellular ATP levels, a shared
mechanism of action between CAM and CO, could have been the reason for their

cumulative, cytotoxic effects against MDA-MB-231.

CYP3A4 is also a marker for poor prognosis in human hepatocellular carcinoma and
HepG2 cells possess a strong, multidrug resistant phenotype.’* We initially had hoped

to demonstrate inhibition of CYP3A4-mediated inactivation of PTX by CO in HepG2
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cells in addition to human breast cancer cells, but high MDR1 expression compared
to human breast cancer cells (Figure 5.1A) resulted in low intracellular accumulation
of PTX (Figure 5.6B). These observations indicated that MDRI1, and not
CYP3A4/2C8, was the main effector of PTX pharmacokinetics. While this would
seemingly contradict the importance of CYP3A4 as a biomarker for poor prognosis in
hepatocellular carcinoma, it should be noted that HepG2, despite possessing many
markers for multidrug resistance, possesses surprisingly low levels of CYP
expression, especially compared to primary hepatocytes,'” a possible consequence of
selection pressures during immortalization of the cell line. This was evidenced here,
as HepG2 possessed some of the lowest CYP3A4 expression compared to the breast
cancer cell lines (Figure 5.1A). While the use of cell culture models was key to
demonstrate direct involvement of CYP activity in resistance to PTX in this study,
clear understanding of the differences between hepatocellular carcinoma

immortalized cell lines and clinical samples/data is necessary as well.

While our studies with HepG2 did not offer greater insight into CYP-mediated
metabolism of PTX, its extreme sensitivity to CO-induced cell death (Figure 5.16A)
was notable. Increased responses of HepG2 to PTX in the presence of 1 and 10 uM
CO (Figure 5.16B) were similar in magnitude to the increased responses of MCF-7
(Figure 5.7C) and MDA-MB-231 (Figure 5.9) to PTX in the presence of 10 and 100-
fold greater amounts of CO. As CO is a promiscuous inhibitor of not only CYPs, but
all ferrous heme-containing enzymes, albeit to varying degrees,” the great sensitivity

of HepG2 to CO suggests a particular importance of heme-containing enzyme activity
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in HepG2 cell viability. Only at high doses of CO, delivered by 20 uM photoCORM,
the pharmacokinetics of PTX were significantly changed in PTX-treated HepG2 cells
(Figure 5.16C), though the cytotoxicity of CO alone to HepG2 (Figure 5.16A) may be

responsible for the observed difference.

CO-sensitive, heme-containing enzymes like CYP3A4 also appears to be particularly
important to the breast cancer cell and drug resistance. Heme biosynthesis is up-
regulated 20-fold in malignant breast tissue compared to adjacent normal tissue.’
Furthermore, increased heme uptake and biosynthesis in cancer tissues and the
synthesis of heme-containing enzymes are believed to be key in driving cellular
processes favorable to uncontrolled growth and drug resistance.”” Previous studies
have identified other heme-containing enzymes, including cystathionine B-synthase
(CBS), as direct effectors of drug resistance in malignant breast, ovarian and hepatic

173839 I this present study, the direct demonstration of the role CYP3A4 had

tissues.
in imparting resistance to PTX in human breast cancer further highlights the
importance of heme-containing enzymes to drug resistance in cancer. Furthermore,

CO appears to be an ideal candidate to concomittantly inhibit heme-containing

therapeutic targets in human breast cancer.

Inhibition of specific CYP isoforms in human cancers to mitigate drug resistance has
shown some promise,” though genetic/structural variances and heterogeneous
expression of certain CYP isoforms in patient populations has made some question

how effective CYP-specific, small molecule inhibitors will be in a clinical setting.*'
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Findings in this study corroborate the trepidation in viewing CYPs, including
CYP3AA4, as an independent marker and effector of PTX resistance. Drug resistance
in cancer is well understood and known to be multifactorial. Targeting single markers
of resistance is unlikely to be any more successful than the unimaginative and
expensive endeavor in targeting of individual growth signaling pathways.** Even for
the newest, most promising, targeted inhibitors of cancer growth signaling proteins
like B-raf and Ber-Abl, resistance quickly develops.”* A fresh approach to cancer

therapy is needed.

CO, unlike most pharmacological CYP inhibitors, is a polypharmacological drug, a
small molecule that can interact with multiple targets to elicit a more dynamic,
salutary effect.” Ferrous heme-containing enzymes and other low-valent metal center
containing enzymes are all susceptible to CO inhibition.* Tumor heterogeneity and
rapid growth rate impart the cancer cell the ability to quickly adapt and evolve drug
resistance.”” CO, through simultaneous blockade of multiple, heme-containing targets
and pathways offers the opportunity overcome adaptive drug resistance. In the present
study, we have demonstrated the utility of CO as a polypharmacology drug, in
inhibiting both CYP3A4 and CYP2CS8 simultaneously to sensitize human breast
cancer cells to PTX. This is in addition to the other known mechanisms of action of

CO in human cancer.®®

PTX is one the most important anti-cancer drugs available today.* It is the most

widely used anti-cancer drug and frequently used as the first-line treatment of breast
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cancer.”’ Now available in generic form, PTX is relatively affordable to most
populations and represents the promise of equal access healthcare, in stark contrast to
the newer, expensive drugs that possess arguably trivial advantages over PTX.”'* An
intriguing strategy, which could invigorate the field of cancer therapy, and not only
for the upper socioeconomic classes of society, is the direct targeting of the molecular
machinery in cancer cells that promote drug resistance to PTX. In combination with
PTX therapy, such a strategy could prevent and/or circumvent PTX resistance by
blocking the cancer cell’s evolutionary escape routes. We have provided direct
evidences for the role of CYP3A4 in resistance to PTX in human breast cancer cells
by using CO. In combination with PTX therapy, the use of therapeutic CO is a

promising strategy to mitigate or even prevent PTX resistance in human breast cancer.

5.9 Materials and methods
Chemicals and reagents

[Mn(CO)s(phen)(PTA)]CF3SO3 (photoCORM) was synthesized and characterized as
previously reported (Chakraborty et al. 2017). Paclitaxel (479306), protease inhibitor
cocktail (P8340), chloramphenicol (C0378-5G) and other chemicals were products of
Sigma Aldrich (St. Louis, MO). Paclitaxel-d5 (22092) and 6a-hydroxy paclitaxel
(10009027) were purchased from Cayman Chemical Company (Ann Arbor, MI). 3’-
Para-hydroxy paclitaxel and frozen, human breast tissue samples were supplied by the

Pasarow Mass Spectrometry Laboratory (PMSL), Department of Psychiatry &
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Biobehavioral Sciences at the UCLA David Geffen School of Medicine. Primary
antibodies against CYP2C8 (BML-CR3280-0025) was purchased from Enzo Life
Sciences, Inc. (Farmingdale, NY), Multidrug Resistance Protein 1/P-glycoprotein
(ab170904) was from AbCam (Cambridge, MA), while antibodies against CYP3A4
(sc-53850) and GAPDH (sc-47724) were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). Anti-mouse (926-32210) and anti-rabbit (926-68071) secondary

antibodies were purchased from LI-COR (Lincoln, NB).

Cell culture and treatments

Human breast cancer cell lines MCF-7, MDA-MB-231, MDA-MB-468 and human
hepatocellular carcinoma cell line HepG2 were obtained from American Type Culture
Collection (Manassas, VA). MDA-MB-231, MDA-MB-468 and HepG2 were grown
in 1x DMEM supplemented with 10 mM HEPES buffer, 1x antibiotic—antimycotic,
and 10% fetal bovine serum (FBS). MCF-7 cells were also grown in 1x DMEM
supplemented with 1 pg/mL insulin, 1 mM sodium pyruvate, 1x
antibiotic—antimycotic, and 10% FBS. The absence of mycoplasma was determined
periodically using a MycoAlert mycoplasma detection kit (LT07-318, Lonza, Basel,
Switzerland). Cells were seeded overnight prior to treatments and were observed
through light microscopy to be <70% confluent prior to treatments with paclitaxel

and chloramphenicol.

Treatment of cell cultures with CO, delivered by photoCORM

Cells were treated with CO, delivered by 0-100 uM photoCORM in respective cell
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culture media. Cells were seeded, 2-4 x 10 cells per well of a 96-well plate, or 1-2 x
10° cells into 100 mm tissue culture dishes, and allowed to incubate overnight at 37°C
+ 5% CO,. The next day, in the dark, the media was removed and replaced with
photoCORM dissolved in cell culture media supplemented with 10% FBS to final
concentrations of 0-100 uM photoCORM. Cells were then exposed to low power (10
mW/cm?) visible light to trigger the release of CO. To control for the effects of the
non-CO molecular scaffold of the photoCORM, photoCORM was dissolved in cell
culture media then exposed to low power (10 mW/cm?) for 60 min to prematurely
release the CO, then added to the cells. Cells were incubated at 37°C + 5% CO, for

24 h prior to analysis by the indicated methods.
Western analysis

Cell were harvested by scraping, pelleted via centrifugation and extracted using RIPA
lysis buffer (150 mM NaCl, 5 mM EDTA pH 8.0, 50 mM Tris pH 8.0, 1% Triton X-
100, 0.5% sodium deoxycholate, 1% SDS and 1x protease inhibitor cocktail). Frozen
human tissue samples (~10 mg) were bead sonicated in RIPA lysis buffer. BCA
Protein Assay was performed on all samples to measure total protein content of
soluble fractions. Samples assayed for membrane bound proteins were not boiled
while all other samples were boiled. 20 pg cell lysate were separated on 4-20% SDS-
PAGE gel and transferred to poly(vinylidene difluoride) (PVDF) membranes.
Blocking and antibody solutions were prepared in 1x PBS + 0.1% Tween 20.

Membranes, following blocking in 5% non-fat dried milk for 18 h at 4°C, were
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incubated with primary (1:1000 dilution) antibody overnight at 4°C and then an infra-
red (IR) dye conjugated secondary (1:10,000 dilution) antibody for 1 h at 25°C in the
dark. Immunofluorescent signals were detected using a Li-cor Odyssey 9120 Imaging

System.
CYP3A4 activity assay

A commercially available CYP3A4 Activity Assay Kit (ab211076, Abcam) was used
as per manufacturer’s instructions. After treatments, cell cultures (~5 x 10° cells)
were harvested by scraping, counted and collected by centrifugation (250xg, 10 min)
in a conical tube. The supernatant was removed and discarded while the pellets were
washed with cold 1X PBS, then homogenized in ice-cold assay buffer (500 puL). The
lysate was incubated on ice for 5 min and centrifuged (10,000xg, 15 min, 4°C). After
performing a BCA protein assay, enzymatic activity was determined in a 96-well flat-
bottomed, clear bottom, black side microplate with lysate (100 pg protein/well), the
fluorogenic substrate, and an NADPH-generating system, with fluorescent signal
monitored over time, as per manufacturer’s instructions. Recombinant CYP3A4 (200
ng/well) was used to determine the effect of CO on acellular enzyme activity. In the
dark, photoCORM was solubilized in assay buffer and added to each well such that
the final concentration of was 0-100 uM. The microplate was then exposed to visible
light for 20 min to trigger release of CO. As per manufacturer’s instructions, the

fluorogenic substrate and NADPH-generating-system were added, and the subsequent
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fluorescent signal monitored over time. Data for CYP3A4 activity are reported as

pmol of substrate metabolized per minute per pg protein.

Treatment and measurement of paclitaxel (PTX) and its metabolites by high

performance liquid chromatography-tandem mass spectrometry (LC-MS/MS)

All stock and working solutions of paclitaxel (PTX), 6a-hydroxy-paclitaxel (6-OH-
PTX), 3’-para-hydroxy-paclitaxel (3’-p-OH-PTX) and penta-deuterated paclitaxel
(*Hs-PTX) were prepared in methanol and stored at -20°C. Cells to be assayed were
treated with indicated concentrations of paclitaxel (PTX) in the presence and absence
of CO, delivered by photoCORM, and chloramphenicol, then incubated overnight for
24 h at 37°C + 5% CO,. The next day, approximately 5 x 10° cells were harvested
from the 100 mm tissue culture dishes by scraping, and washed 3 times with cold, 1X
phosphate buffered saline (PBS). “Hs-PTX (1 nmol in 10 uL) was added to each
sample and the cells were lysed via sonication in 200 pL methanol and incubated at
room temperature for 30 min, followed by centrifugation (16000 x g, 5 min).
Supernatants were transferred to microcentrifuge tubes and dried by vacuum
centrifugation. Samples were redissolved in 25 pL. methanol, centrifuged at 16000 x g
for 5 min. The supernatants were transferred to LC injector vials from which 20 pL
was injected onto a reversed phase column (Kinetex XB-C18, 100 x 2.1 mm, 1.7 um
particle size, 100 A pore diameter, Phenomenex, Torrance, CA) equilibrated with
95% ecluant A (water + 0.1% formic acid) and 5% eluant B (acetonitrile + 0.1%

formic acid) and eluted (200 pL min™") with increasing concentration of eluant B
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(min %B™: 0 5%, 5 5%, 60 100%", 62 5%, 80 5%™"). The eluant was passed
through an electrospray ionization (ESI) source connected to a triple quadrupole mass
spectrometer (Agilent 6460). Analytes were detected via multiple reaction-monitoring
(MRM) in positive ion mode: PTX ([M+H]" m/z: 854 = 286, rt = 35.4 min) parent to
fragment and OH-PTX ([M+Na] m/z: 892 = 892, rt = 32.8 min) parent to parent
transitions were recorded using optimized settings. In each independent experiment,
standards, spiked with 1 nmol *Hs-PTX, were prepared with known concentrations of
paclitaxel (0, 125, 250, 500, 1000 pmol) and 6-OH-PTX (0, 1.25, 2.5, 5, 10 pmol).
Amounts of PTX and OH-PTX in each sample were calculated by interpolation from

constructed standard curves.
Cell viability assay

The cellular reduction of tetrazolium dye MTT was performed in 96-well tissue
culture plates to assay cell viability. Batches of 2-4 x 10° cells in each well were
allowed to seed overnight in a 37 °C incubator + 5% CO,. The following day, cells
were treated with PTX, CAM or photoCORM as indicated, incubated for 24 h, then
assessed for viability. Following removal of cell culture media, 0.5 mg/mL MTT
dissolved in 1x DMEM was added and allowed to incubate for 2 h in a 37 °C
incubator + 5% CO,. Cell viability was quantified by measuring the relative amount
of MTT reduced to insoluble formazan. Following solubilization of formazan in 10%
SDS + 0.01 N HCI, the concentration of formazan was measured by taking the

absorbance at 570 mm, reference wavelength taken at 690 nm.
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Statistical analysis

Data are expressed as the mean +/- standard error of the mean (range) or as a
percentage of control value. For results of n=5 or greater, comparisons between two
groups were made using the Student’s t-test. For results of n=5 or greater, where
comparison between more than two groups was analyzed, the One-way ANOVA and
Tukey’s post hoc test were performed. Non-linear regression analyses of dose-
response curves were fitted to three parameters by least squares. To make cell
viability curves easily comparable to negative controls (i.e. Controls), dose-response
curves were also normalized to the initial values and conditions of the system.
Goodness-of-fit of linear regression analyses were reported with coefficients of

determination.
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Chapter 6

Conclusion
Carbon
. Cisplatin Monoxide
Paclitaxel Clu,  (NHs
CI/"P""\NHS Doxorubicin

/

Table 6.1. Table of Content. Carbon monoxide (CO)-mediated inhibition of heme-
containing enzymes towards sensitizing cancer cells to chemotherapeutics

6.1 Reimagining cancer therapy

The typical cancer drug is developed at a cost of $1.2-1.8 billion per medicine,
administered and billed to a patient at $10,000 per month and comes to market while
providing minimal patient benefit, improving survival by 2.1 months."” It targets
growth machinery processes and/or induces damage to the cancer cell, often non-
specifically.’ The typical cancer drug presents as an evolutionary selection/pressure to

the cancer cell, which has high plasticity and rapid growth, affording the cancer cell
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the ability to quickly develop resistance to the drug.* Even with the development and
use of the newest, most promising, targeted inhibitors of cancer growth signaling,
resistance quickly develops.”® The current cancer therapeutic strategy is expensive,

minimally effective and unimaginative. A fresh approach to cancer therapy is needed.

The vast majority of deaths from cancer in the United States come not from
lack of treatment, but because the treatment themselves, including recent
immunotherapies for solid tumors cease to be effective to the patient and produce
outcome failure-rates of 90%.” The mechanisms of chemotherapeutic resistance are
multisystem, but can include or more up-regulated processes including enhanced and
alternative metabolism, drug degradation, and drug efflux among numerous known
mechanisms.® If a cancer treatment regimen does not either overwhelm or overcome
these drug resistant processes, the cancer will most likely relapse. The strategy of
sensitizing cancer cells, sensitizing drug resistant cancer cells to existing

chemotherapeutic regiments may dramatically improve clinical outcomes.

Typical chemotherapeutics target common pathways known to be involved in
carcinogenesis including constitutive growth signaling activation, angiogenesis,
resistance to apoptosis, genome instability, tumor initiated inflammation and immune
surveillance evasion among several processes.” Rather than developing yet another
small molecule inhibitor or immunotherapeutic, to which the cancer cell is robustly
equipped to adapt resistance via evolutionary processes, targeting drug resistance can

be likened to an “end-around” in American football, circumventing the adaptive
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responses of cancer cells rather than trying to overwhelm them. Furthermore, an
effective therapy that targets drug resistance mechanisms offers the prospect of
repurposing clinically proven, FDA-approved and very importantly, off-patent anti-
cancer drugs that are affordable and available to healthcare systems in developing and
highly industrialized counties alike, a move that would improve cancer patient

. . . . 10
outcomes independent of their socioeconomic status.

6.2 Perspective of findings

In this thesis, we have uncovered strong evidence that carbon monoxide (CO), a
gasotransmitter, is a therapeutic agent for addressing molecular mechanisms of drug
resistance in breast and ovarian cancer cell models. This finding has, for the first time,
been supported with detailed mechanistic studies, identifying the molecular targets of
CO. Its molecular targets include, but are not limited to, cystathionine B-synthase
(CBS) in human breast (Chapter 2) and ovarian cancer cells (Chapter 3) and
cytochrome-P450 3A4 and 2C8 (CYP3A4/2C8) in human breast cancer cells
(Chapter 5). The chemical biology of CO in the cancer cell had, prior to the findings
reported in this thesis, been poorly understood and almost singly attributed to
cytochrome ¢ oxidase and other potential binding partners in the mitochondria,'’
despite substantial evidence that CO in fact has quite low affinity for cytochrome c

oxidase compared to 0,."* It is hoped that our findings inspire future studies into the
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other mediating targets of CO in the cancer cell, many of which have been identified

(Table 1.1), but have yet to be considered in the context of drug sensitization by CO.

The process of elucidating the downstream effects of CO-mediated inhibition
of CBS in human breast and ovarian cancer cells has afforded tremendous insight into
the diverse role CBS plays in promoting drug resistance in the cancer cell. On one
hand, CBS provides indirect protection to the cancer cell from chemotherapeutic
drugs by enhancing the antioxidant capacity of the cancer cell, resisting the induction
of intracellular ROS by chemotherapeutics (Chapter 2). On the other hand, CBS also
provides direct protection to the cancer cell from chemotherapeutic drugs by
enhancing levels of intracellular, cysteine-containing species that can bind and
inactivate platinum-containing chemotherapeutics (Chapter 3). Our findings show
that CBS, as a therapeutic target of drug resistance, would likely improve the efficacy
of therapeutic regiments utilizing multiple classes of drugs, including taxanes like
paclitaxel (Chapter 2), anthracyclines like doxorubicin (Chapter 2) platinum-drugs
like cisplatin (Chapter 3). Furthermore, as chemotherapeutic-induced apoptosis,
independent of the therapeutic target of the chemotherapeutic, occurs via induction of
ROS,"*!'* inhibition of CBS would likely improve the efficacy of any class of drug

(Figure 5.1).
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Figure 6.1 Graphical summary of CO-mediated sensitization of cancer cells to
chemotherapeutics.

The second relevant target of CO identified in cancer here was CYP enzymes,
namely CYP3A4/2C8 in human breast cancer cells (Chapter 5). CYPs have long been
thought to be promising therapeutic targets in cancer,” though polymorphisms in
CYPs between patients hamper the affinity/efficacy of a traditional, small molecule
inhibitor to inhibit CYPs with therapeutic benefit. Furthermore, the importance of
CYP-mediated metabolism of endogenous and xenobiotic molecules in a healthy liver
raise issues of safety and toxicity.'® For the first time, we have provided a strategy
that both inhibits CYPs in the cancer cell towards therapeutic benefit and possesses
high orthogonality to hepatic CYP activity. CYP-mediated inhibition of anti-cancer
drugs was long hypothesized to contribute to drug resistance in cancer, though no

direct evidence had existed prior to a 2016 study,'” a study mired in controversy.'®
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Here, we have provided what we believe is to be the first, direct evidence that CYP-

inhibition can overcome chemotherapeutic resistance.

bilayer

ERnpid[&g /

Paclitaxel
¥
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Figure 6.2 Graphical summary of CO-mediated inhibition of paclitaxel metabolism
by CYP3A4/2CS.

Together, our findings in Chapters 2, 3 and 5 can be viewed through two
lenses. If one can simply consider CO as a potential chemotherapeutic agent, this
thesis can be seen as providing the necessary mechanistic studies that elucidate the
chemical biology of CO, a future agent for targeting drug resistance in cancer (Figure

6.3).
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Figure 6.3. Steps towards realizing more effective chemotherapeutic regimens with
carbon monoxide (CO).

If, however, one cannot see CO ever realizing its therapeutic potential, this
thesis has utilized CO as a tremendous tool for uncovering the role that heme-
containing enzymes play in promoting molecular mechanisms of drug resistance in

cancer (Figure 6.4).
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Figure 6.4. CO, a tool for studying drug resistance in cancer. Study of the chemical
biology of CO in cancer revealed the role of heme-containing enzymes in molecular
mechanisms of drug resistance.

The greatest technical challenge that needs to be overcome to realize the
therapeutic potential of CO is achieving delivery of CO to a therapeutic site at
sufficient concentrations. Our synthesis of an immunoCORM, an immunotherapeutic
capable of antigen-specific delivery and controlled release of CO has been the most
promising option to overcoming the technical challenge of delivering sufficient levels

of CO to a therapeutic site.

6.3 Future directions

Targeting drug resistance as a therapeutic approach to cancer therapy has been

9

proposed for several years.” The studies reported here have provided strong

validation of such a strategy, but validation is not isolated or limited to this thesis, but
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has recently attracted clinical and biopharma attention. ORIC-101, a cancer drug
resistance-targeting small molecule developed and patented by ORIC

. . . . 20-22
Pharmaceuticals, Inc. showing promise preliminary results.

Based upon the results reported here, future studies should be performed that
assess CO’s ability to sensitize other established drug-resistant cancer models. Using
CO will both further assess the therapeutic potential of CO and elucidate other heme-
containing enzymes’ roles in promoting drug resistance in these drug-resistant cancer

models.

The future development of immunoCORMSs will include improving the
homogeneity of the product as well as applying the immunoCORM to more complex
model systems, including mammalian cell co-cultures and animal models, that would
further demonstrate the efficacy of antigen-mediated delivery of CO to a therapeutic
target. Using diethylnitrosamine (DEN, or N-nitrosodiethylamine)-induced mouse
liver cancer cell models, CO, delivered by CO-releasing, alluminosilicate
nanoparticles injected directly into subcutaneous mouse xenograft tumors
significantly reduced subcutaneous mouse xenograft tumors compared to tumors
injected with control nanoparticles (data not shown). These promising preliminary
findings from our group bode well for the delivery of CO in a complex, biological
model. It would be very intriguing to assess whether immunoCORMs, synthesized

and characterized as described in Chapter 4, would be capable of tumor-specific
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delivery of CO in these xenograft models, or if further engineering and development

would be required.

Untarged metabolomic, quantitative proteomics and phosphoproteomics mass
spectrometry are tools well suited for the continued elucidation of the chemical
biology of CO. The promiscuous nature of CO towards low-valent transition metal
complexes result in multiple systems being perturbed by CO. Future studies should
utilize these technologies to afford greater ability to understand the multi-faceted

aspects of CO signaling in the cancer cell.

It is hoped the findings from this thesis inspire similar endeavors towards
overcoming resistance in cancer, for if successful, this strategy would reinvigorate the

expensive and minimally effective cancer therapeutic regimens currently practiced.’
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