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Abstract
Ironis the most abundant transition metal found inhiln@anbody, and it is essential for
many biological processes, including oxygen transport, cellular respiration and DNA
synthesisCancer cells have an increased demand for iron due to their higherrptadiie
rates, and thicharacteristicmakes cancer cellgiore susceptible to iron deprivation.
Thus, iron chelators have been studied for their use as chemotherapeutics for the
treatment of canceChapter lof this dissertatiomprovides abrief summaryof the roles
of iron in cancer, as well as an overviewtlod different types of iron chelators that have
been studied for the treatment of cancer. Chapter 2 focuses on a proclagptimacho
improve the intracellular delivery of thiosemicarbazone, seraibazone, and
aroylhydrazone chelators for can@plications Specifically, these prochelators use a
disulfide switch to mask a thiolate iron binding moiety so that these compounds can be
activated intracellularly. Tése compoundshow antiproliferativeactivity in cultured
breast cancer celend result inle intracellular formation afon complexegshatare not
redox active. Further celased assays demonstrated that these chelators caugeleell
arrest at the @S interface and induce apoptosisells. Chapter 3 focuses ame of our
most biologicdly active prochelat® (AH1-S), and the characterization of its iron (lll)
complexes The chelator AHASH binds iron in a 2:1 ligantb-metal ratio, and the
resulting complex features a lowspin Fe(ll) center Unlike our cationic
thiosemicarbazone Felllcomplexes, the Fe(lll) complex of AH3H is neutral due to
the ability of thearoyl hydrazondigand to exhibit keteenol tautomerization. The-kKy

structure of this complex shows the AH1 ligaralibd to the iron(lll) center botim the
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keto form andn the enolatdorm. Further studies by EPR demonstrate that different

protonation states of this complex exist in acidic, neutral, and basic media.
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Chapter 1:  Design of Ligands to Target the Iron Méabolism of Cancer
Publication statement: Portions of this chapter were published ifEtiogclopedia of
Inorganic and Bioinorganic Chemistip 2019 and are used with permission in this
chapter.
Utterback, R. D.; Tomat, E; Developing Ligands to Targenditeon Metals in Cancer.

Encyclopedia of Inorganic and Bioinorganic Chemistr019 Wiley, DOI:

10.1002/9781119951438.eibc2694

Transition metals are essential for the function for numenmesalloproteins and
cofactors in living systems. Their acquisition, transport, and storage are tightly regulated
and the homeostasis of redagtive cations such as iron and copper is especiafigat

to prevent the damaging effects of oxidative strbxteed the dyshomeostasis of metals
has been observed in the pathophysiology of several diseases, and multipleimdetgl
compounds are currently under investigation as therapeutic candidates, we focus

on the altered metal metabolisms of madigncells and on metddinding strategies for

the design of cancer chemotherapeutics. Iron chelators with a variety of binding motifs
have been studied for their antiproliferative effects in malrig cells, and several
compounds have reached clinical [siaRecent prehelation approaches, in which the
chelator is activated under specific conditions, are poised to increase therapeutic indexes
and avoid unwanted side effects. As additional infdilomaemerges on the roles of
metals in cancer biology, theesign of metal chelators and prochelators is evolving to
improve their selectivity and efficacy and to consider their effects on the immune cells

present in the tumor microenvironment.
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1.1. Transition metals in cancer biology

Transition metals such as iragpper, and zinc are essential for critical biological
processes, including gene expression, oxygen transport and respiration. In proteins, these
trace metals play a variety of structural, catalyand regulatory roles. For example, iron
is required forthe activity of ribonucleotide reductase (RNR), an enzyme that catalyzes
the rate limiting step of DNA synthesisand copper and zinc are essential for the
detoxification of reactive oxygen and nitrogen species (ROS, RNS) through the activity
of Cu/Zn superoxide disnase (SODY.Iron and copper cations undergo electron
oxidations and reductions at potentials that are often accessible in the biological milieu.
This redox chemistry is critical to their roles in multiple metalloproteins and cofactors;
however, it is also assodied with the generation of ROS and RNS through the Fenton
reaction and the Hab&Weiss cycle’* leading to lipid peroxidation, DNA oxidation, and
other oxidative damage. Furthermore, imbalances of radmtive 2znc can also result in
oxidative damage to cells and cellular dysfuncfion.

As a result of the multifaceted roles of transition metals in biology, the
dyshomeostasisfdransition metals isssociated with several disea$édHistorically,
metatbinding pharmaceuticals have been &gpd successfully fothe treatment of
metal overload conditions associated with hemochromdttisidassemidand Wi | son o ¢
disessel® however, an altered rtabolism of transitionmetals has also been documented
as a characteristic and a potential vulnerability of malignant ¢€fdn this introductory
section, we briefly summarize the role wbn in carcer biology. In the following
sections, we discuss several examples of coordination chemistry approaches that affect

intracellular metal ios, including metabinding compounds that have already been
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evaluated in clinical trials for cancer applications as well as recent strategies that could
lead to new options for cancer treatment.

1.2. The role of iron in cancer

The comjpex relationship betwaeiron and cancel{ !® and particularly the role

of iron in tumor progression, is supported by several epidemiological studies. For
instance, higher iron intake has been associated with increased risk of colorectal cancer in
a metaanalysisof 33 studies? In addition, patients affected by hemochromatosis, a
genetic conditiorassociated with iron @oimulation, are at a higher risk of hepatocellular
carcinomé®

In cells, iron concentrationgre maintained at optimal levels through the tightly
regulated interplay of several proteins responsible for uptake, storage and efflux of this
essential element. Key players include: (i) the transferrin receptor (TfR) that irdesnali
plasma irorAranspet protein transferrin (Tf), (ii) the cytosolic storage protein ferritin
(FT), and (iii) the iron exporter protein ferroportin (Fpn). Cancer cells present altered
expressions of these iron handlers, and the expression levels 8fApPR,and Ff? have
been dentified as prognostic markers in cancer patiéhtd Cell walls in various cancer
phenotypes are characterized by upregulated expression of TfR1 leading to increased iron
uptake?*?° Lipocalin 2, another protein involved in iron uptake, is also overexpressed in
cancer cellg® whereas iron efflux protein Fpn is downregulatétf

At a functional level, the high rates of DNA biosynthesis in rapidly proliferating
cancer cells require higher levels of the wependent elyme RNR when compared to
normal cells® In addition, an irordependent noapoptotic form of cell death, known as

ferroptosis, was recently discovet®dnd linked to the portfolio of activities mediated by

19



tumor suppressor p33 Finally, novel reactivitybased fluorescent probes of intracellular
iron have shown that the labile iron pool, which includes a variety of chelatable cytosolic
iron species, is larger in several cancer cell linesmwtmmpared to noemalignant
ones3233

Collectively, the information accrued on the major role of iron in cancer biology and
epidemiology motivates the investigatiohapproaches that interfere with levels of iron
in malignant cells and in the tumor microenvironment.

1.3.lron chelators in cancer chemotherapy

The clinical use of higlaffinity scavengers of transition metals, i.e., chelation therapy,
has been studied ithe @ntext of cancer therapy for decades, and several compounds
have been evaluated in clinical tridfs$®In the case of iron and copper, the formation of
chelate complexes alters the redox potentials of these -eaiog meal ions. Some
chelators exclude the metal from intracellular redox chemistry; others foroxjtant
complexes and oxidative damage is a key aspect of their antiproliferative activity. In this
section, we review the main classes of compounds tivat ben investigated for cancer
applications.

1.3.1. Siderophores

Siderophores are smatiolecule chelators synthesized by bacteria for the specific task of
acquiring essential iron from their surroundid§sThese compounds are important
players at the hogiathogen interface and their functions continue to attract considerable

attention in microbiology and pharmacology.

One of the ediest siderophores to be used in daiitrials for cancer chemotherapy

is desferrioxamine (DFO, Figure3ll), a hexadentate chelator that forms a 1:1 iron
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complex®”*8 DFO stabilizes iron in the trivalent oxidation state and the resulting
complex is notedoxactive in biological setting¥. DFO, whih is clinically approved to
treat ironoverload disease, showed antiproliferative effects in cultured neuroblastoma
(NB) and leukemia celf$3°4%and was then tested in clinical trials for the treatment of
these conditions. Ithe NB study, seven of the nine patgeexperienced a decrease in
tumor size as well as no significant side effects from treatdddnt.another clinical
study, treatment with DFO was effective for Stage 11lI/V NB and also resulted in minor
side-effects* In the case of advanced hepatocarcinoma, patients had partial response to
treatment with DFO and had decreased tumor marker levels, and a hepatocetiolar

with lung metastases disappeaiedne patient? In spite of these promising results, the
high hydrophilicity and poor membrane permeability of DFO limit its efficdcy.
Treatment with DFO can also result in adverse side effects including ophttiinic
auditory**4€48 - pulmonary®°® and renal toxicit}¥, and growth failure and bone
abnormalities in childref? Although the evaluation of DFO in clinical trials did not lead

to new chemtherapeutic regimens, these early studies highlighted the potential of
siderophores for the treatment of cancer.

Desferrithiocin (DFT, Figure .B.1), a tridentate siderophore first isolated from
Streptomyces antibioticugprms a 2:1 complex ith Fe(Ill).3* Unlike DFO, DFT is
suitable for oal administation andit has been investigated in the context of iron
overload; however, this siderophore could not be pursued as drug candidate because of its
nephrotoxicity at the relatively high dosages required for this clinical indication (>5
mg/kg/day)5*°*DFT demonstrated promising antiproliferative properties and indeed it is

more potent than DFO in several hepatocellular carcinoma cell *finEstensive
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structureactivity relationship studies showed that replacement of the pyridine ring with a
phenyl ring ad introduction of lipopilic substituents could substantially reduce or
eliminate renal toxicity® One such analog of DFT, deferitazole (aka SPD602, FBS0701,
Figure 13.1), was assessed favorably in a multicenter pRastudy designed to

determine safety, tolerability, and pharmacaatyics in iron overloagatients>’
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Figurel.31.Siderghores and related compounds studied for their antiproliferative effects.

Hexadentate siderophores of the desfexochelins (Bexo) class have also been
studied for their use as antiproliferative agents. Notabhex® 772SM(Figure 13.1)
showshigherantiproliferative activity compared to DFO presumably due to its increased
lipophilicity.585° Similar to DFO, Dexo 772SM forms a 1:1 Fe(lll) complex that does
not redox cycle in biological settin§3In a study incultured breastissuecells, D-exo
772SM was antiproliferative in MGF cancer cells and showed essentially no toxicity to

normal human mammary epithelial céfsAdditionally, electron paramagnetic resonance
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(EPR) spectroscopic experents in culturd MCF7 cells showed that {8xo inhibits
RNR at a terfold lower concentration when compared to DP®: The potential of B

exo siderophores for the treatment of cancer in vivo has not been evaluated extensively.
1.3.2. Tridentate hydrazones and thiosemicarbazones

Hydrazones, thiohydranes, and thiosecarbannes have been extensively

studied for their use as antineoplastic ag&ht$% The most potent chafors of this
large group includéN,N,O)or (N,N,S)donor sets within their irchinding units and one
of the nitrogen atoms is typically a pyridyl donor.

The 2pyridylcarboxaldehyde isonicotinoyl hydrazone series (PCIH, Figia2) of
iron chelators ws designed to have high antiproliferative activity since chelators based
on 2pyridinecarboxaldehyde and thiosemicarbazide are effective inhibitors of®*RNR.
This series had generally low antiproliferative activity and the chelators did not form
redox-active complexe8$®’ however, these studies provided initial structacévity
relationship information that was used for the development of new antiproliferative
compounds. The di-pyridylketone isonicotinoyl hydrazone (PKIHjgure1.3.2) saies
also features @\,N,O)donor set and incorporates a pyridyl group at the iminic carbon,
which increases the lipophilicity of these compoutfdshe PKIH series of chelators
were more toxic to the SKI-MC neuroepithelioma cell line compared to the PCIH series
and showeddectivity towards magnant cell$® This effect was attributed to the redox
activity of the resulting iron copiexes®®’° which wee able to induce production of
intracel lul ar ROS, -dichlsrofluoresaesdiacetate oxdgtion,2 6, 7 6
ascorbate oxidation and benzoate hydroxylation assays, and confirmed by the Fenton

mediated degradation of plasmid DNA°

23



H H
N R N R
Xy N7 Xy NN”
| bl | hid
N (0] N (0]
PCIH series PKIH series

Triapine Dp44mT DpC

Figure1.32 Chemical structures of selected hydrazones and thiosemicarbazones that have been studied for
their anticancer activity (R = aryl).

Switching from the(N,N,O)donor set of tride t a -pyeidylliydrazones to é\,N,S)
donor set, the thiosemicarbazoneahgs form the largest and best studied class of
antiproliferative chelators. Triapine -@P, Figure 1.3.2) is a cytotoxic compound that
inhibits RNR activity andforms a redosactive iron compleX’-’¥ 7 Initial anticancer
studies of triapine in mice bearing L1210 leukemia resulted in longer survival times,
which warranted further studieé this compoundri clinical trials’*"® A Phase | trial in
32 patients with advanced cancer determined thatsagéoof 96 mg/Aiday of triapine
had an acceptable safety profile to move on to Phase Il ti8isle effects included
asthenia, fever, nausea, leukopenia, anemia lyperbilirubinema, which were
reversible when treatment stoppédAnother Phase | trial assessed Triapine co
administered with fludarabine, a nucleoside analog, in refractory acute leukathia
aggressive myeloproliferation disordérsPatients treated with both compounds had
eithe complete or pardil response, whereas patients treated with Triapine alone had no
response, suggesting that Triapine is not effective as a single’ageiaipine was also
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evaluated in several Phase Il seglifor the treatment of metastatic renal cell
carcinomdy® recurrent and metastatic head and squamous cell carcinoma (HS2@),
advanced pancagic cancer Overall, the clinical tal studies suggest that Triapine may
not be effective as a single agierbut may be moresuited for combination
chemotherapy?®

The di2-pyridylketone thiosemicarbazone (DpT) chelators are rgdélganore potent
and selective toward malignant cells compared to similar compounds of the PKIH
serie€® Their antiproliferative activity was associated to the redox activity of the
corresponding iron complex&sWithin the DpT series, Dp44mTigure 1.3.2) showed
the highest activity in SWN-MC neuroepithelioma cell§K-Mel-28 melanoma cells, and
MCF-7 breast cancer ceft§, whereas no significant antiproliferative effects were
observed in MR& normal lung fibroblast celf$.A study in mice showed that treatment
with Dp44mT at 0.4 migg twice daily forfive consecutive days decreases M109 lung
tumor weight in a dose dependent marfddp44mT inhibits growth of DMS$3 lung
carcinoma, SKN-MC neuroepithelioma, and SKlel-28 melanomaumor xenografts in
nude mice at far lower concentrations and with fewer hematological side effects
compared to Triapin® More recently, the similar thiosemicarbazone@proved to be
more effective than Dp44mT and to cause less severe side effects in studies of pancreatic
cancef’®> PANC-1 xenografts in nude mice were treated with both DpC and Dp44mT,
and DpC better reduced tumor size compared to Dp4%ard resulted in no fibrotic
lesions in the heaft® DpC has a higher halife than Dp44mT and shows high
antiproliferative ativity through boh oral and intravenous administratffnOwing to

these advantageousoperties, DpC is currently being studied in clinical trials for tnegti
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advanced tumordclinicaltrials.gov identifier: NCT02688101). The antiproliferative
activity of Dp44mT and DpC is attributed to the redmtive complexes formed
intracellularly8® It was recently disavered that the proxidant activity of these
compounds is not only due to the formation of redotive iron complexes, but also to
the formation of redoactive copper complexes in ysomes?®. Both Dp44mT and DpC
bind copper in 4:1 ratio in the [gosome and induce the production of RO®S.

1.3.3. Additional bidentate and tridentate scaffolds

Besides DFO (Figure.3.1), deferiprone and deferasirox (Figute.3) are also
currently in use fo the treatment ofron overload due to chronic blood transfusion
therapy (typically associated with genetic conditions such-t#lassemia and sickle
cell anemia). Both compountiave been evaluated as atdincer agents.

Deferiprone (also known with ¢htradename Ferripx, Figure 1.3.3) is an orally
active, bidentate chelator that coordinates iron with 3:1 stoichiometry and has been
extensively studied in the context of chelatiherapy and iron overlodtd.®® In-vitro
studies in culred neuroblastoma, hepatocellular carcinoma, cervical carcinoma,
leukemia, and prostate cancer cells show that deferiprone is antiprolif@’ativene
development of deferiprone for the treatment of cancer, however, has been limited due to
mixed results in cellular, animal, and human studies. @erent studies of mouse
models of NB and cervical cancer resulted in no inhibition of tumor growth after
treatment with deferipron¥:®® The safety profile of deferiprone has been called into
guestion due to reports of adverse side effects, includingibéipaosis and neutropenia,
associated with its use in the treatment of iron overlé&thowever, these issues are not

as frequent among patients as previously thought and can be closely monitored to
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interrupt or discontinue treatmet¥t®® Considering the advantageous properties of
deferiprone as an orally active irghelating drug, further studies on its acdincer
effects are likely warranted along with the omgpiwork on the development of

deferiprone analog§®
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Figure1.33 Deferasirox and deferiprone are used in the treatment of iron overload disease and have been
studied for their antiproliferative effects. VLX600 was identified through screening methods as an
antiproliferative compond.

Deferasirox (DFX,Figure 1.3.3) is widely employed as an orally administered iron
chelator (with tradenames Exjade, Jadenu and otHé®FEX binds iron in a 2:1 ratio
and is highly specifidor iron compred to copper and zif€ In the clinical practice,
DFX is well tolerated and its most severe side effects include og#sstinal
disturbances and skin rasH€%1% Preliminary invitro studies in cultured cancer cells
showed that DFX is antiproliferatif® 1% and that it is more effective at mobilizing
cellular iron compared to DFO, possibly a fesf its higrer lipophilicity 1% In solid
lung and esophageal tumor xenografts, DFX suppresses tumor growth with little side
effects on mouse healti'%’and affects kg proteins that are involved in tumor growth,
metastasis, and cell cycle control with a concurrent increase of the expression of
apoptotic marker&® Notably, in a clinical case report, DFX was found to induce

complete remission of ateimonocytic éukemiat® A pilot study to assess hematologic
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response to DFX in patients with acute myeloid leukemia is ongd@y 02233504).
Furthermore, DFX is being employed in a method to deliver cytotoxic Ti(IV) into cancer
cells through a transmetalation approach, in which Ti(IV) enters the cell as a DFX
complex and is released intracellularly due to the higffarity of DFX for Fe(l11).11°

Recently, a compound identified through screening methods as a promising drug
candidate for colon cancer (VLX60Bigure1.3.3)*'!12was found to be an iron chelator
and entered a phadeclinical trial (NCT02222363) forefractory advanced solid tumors.
This hydrazone binds iron in a 2:1 ratio, inhibits RNR activity, but does not lead to
generation of ROS in cell$ VLX600 is antiprolifeative to cultured colon carcinoma
cell lines, shows minimal systemic toxicity in HCT116 and HT29 colon cancer
xenograftsi! and is more cytotoxic compared to Triapine and DFO, partially due to its
higher lipophilicity'? Cells treatd with VLX600 shift their metabolism to glycolysis,
which may hamper energy generation in multicellular spheroids (MCS) and solid tumors,
where glucose availability is limited. As such, VLX600 selectively decreases ATP levels
in cancer cell$!! The phase | trial of VLX600 closed early digeslow recruitment, but
VLX600 was well tolerated in the 17 enrolled patients that received treatment, a finding
that supports further studies into its activity as a single agent-administered with
other chemotherapeutics or radiother&py.

1.4.New approaches to chelation therapy

The use ohigh-affinity metal scavegers in the clinical practice was originally aimed at
the treatment of systemic metal overload and therefore at the excretion of metals from the
body. Although several clinically approved chelators show promise as anticances; agen

these compounds are ndesigned specifically to target intracellular metal ions in
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malignant cells. Conversely, several contemporary chelation approaches recognize the
complex roles of transition metals in human physiology and incorporate more
sophisicated design strategié¥ In this section, we discuss some examples of modern
metatbinding strategies designed to interfere with the role of transition metal ions in
cancer biology.

1.4.1. Redoxactivated prochelation strategies

Prodrug strategies emplogompounds that are not biologically tige until
appropriate triggering conditions elicit a chemical reaction that liberates the active
drug!?® These approaches are typically employed to enhance selectivity and/or facilitate
drug delivery of known therapeutic agents. In the context of metal chelation therapy,
prochelation approaches areifig sought for the treatment of patygical conditions that
are not associated with acute metal overload but rather with chronic metal
dyshomeostasi$® For instance, several prochelators have been reported in studies aimed
at the teatment of neurodegenerative disosdand featuring activation triggers under
UV irradiation or in the presence of hydrogen peroxidél® In the context of metal
chelators ér use in cancer chemotherapy, prochelation approaches are expected to
increase selectivity towards intracellular metals (relative to metal cations in blood plasma
and extracellular space) and/or towards the tumos ¢edlative to the normal tissue). At
a molecular level, such prochelator systems feature structural motifs that mask the
chelating unit until it is activated under specific conditions.

Disulfide bonds have been employed as redox activation switches chefators
targeting intracellular ironWhereas disulfides are poor coordinating groups for metal

ions, their reduction leads to activation for metal coordination through the formation of
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thiolates, which are excellent donor groups. Although disulfidesstaiele in blood
circulation, the highintracellular concentration of reduced glutathione (GSH,01mM
incytosolvs.220 €M in plasma) and other reductan
cell entry??® As such, disulfidebased prochelators remain protected from unwanted
extracellular metal binding bubecome active intracellularly. In atidn, the redox
environment of malignant cells is typically more reducing relative to the surrounding
normal tissué?! thereforedisulfide bonds are viewed as attractive connectors for the
delivery of anticancer drug?>1%3

Disulfide bonds have been employed to mask a thiolate moiety on aroylhydrazone,
semicarbazone, and thiosemicarbazone chelators that feature eitt&N}geof (S,N,Q
donor sets (e.g., TC and AH series, respectivelyyrgit).4.1).12412¢ The disulfidebased
prochelators are converted todentate iron chelators upon cell entry and form 2:1
ligandto-metal stoichiometry complegeThis approach will be described in Chapter 2.

Several systems were found to form lepin Fe(lll) complexe$* and thedistinct
spectroscopic features of therfercenters in EPR experiments in whole leukemia cells
provided direct evidence for both the reduction/activation of prochelator-E)Cis well
as the intracellular formation of the lespin Fe(lll) complex [(TCASkFe].1%®
Furthermoe, these experiments indicated thaC{iS) leads to RNR inhibition, an
aspect of its intracellular behavior that is shared by other antiproliferative chelators such

as DFO and Triapin&/ 128
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Figure1.4.1 Disulfide iron prochelators designed as antiproliferative prodrugs (R, CHs and R = H,
CHgs, Ph).

1.4.2. Targeting the tumor microenvironment

Cancer cells exist in a complex tunroicroenvironment, which comprises blood vessels,
the edtracellular matrix, and many other types of cells, including stromal cells,
fibroblasts, and immune ceft& The stug of this environment, and of the interactions
among canponents therein, will be critical to the understanding of tumor progression and
angiogenesis, as well as tumor relapse, resistance to drugs, and metastasis.

Ostensibly consistent with an atdimor immune response, leukocytes (particularly
lymphocytes aa macrophages) can account for up to 50% of the tumor ¥#fdasecent
years, however, thpreatumorigenic activities of tumeassociated macrophages (TAMS)
have emerged as critical aspects of sustained proliferation and metd$tBsisause
macrophages handle the vast majority of iron in the human body through the recycling of
old erythrocytes, the implication of TAMs iiron distribution within the tumor
microenvironment ist major contemporary issue in cancer biol&gy.

Macrophages are white blood cells that provide innate and adaptive immunity to the
organism. They present broad functional plasticity between twdareme
phenotypes3*3*M1-polarized macrophages are inflammatory and take part in the

immune response to fight infections, whereas macrophages of thmlsi2zation ake
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part in the wound healing procé$g®’ In the context of cancer, TA8display the M2
phenotype, which is characterized hynrirelease mechanisms and promotes tumor
progressiort38139

Although current studies of antiproliferative iron chelators have irmdamainly
focused on cancer cells, recent findingggast that iron chelators could also be
employed to affect the tumor microenvironment through the important role of
macrophage¥?® Treatment of M2polarized macrophages with disulfide prochelator
(TC3-S) (Figure 1.4 R: = H, R = H) resulted in a significant change of the macrophage
phenotype from primarily iromeleasing to irorsequesténg behaviort*! Furthermore,
studies umg the supernatant growth media of {d@larized macrophage cultures showed
that the prochelator treatment had an impact on the proliferatmatastatic behavior

of cultured breast cancer cells.
1.4.3. Using protein activity for the uptake or activation of gchelators

Recent approaches to targeted chelation therapy take advantage of the overexpression in
cancer cells of specific proteins, which a@misted in the transport or reactivibased
activation of tailored prochelator systems. In this context, glycgation strategies
capitalize on the Warburg effect, namely the higher rate of aerobic glycolysis in
malignant cell$*>143 which feature an increased expression of glucose transporters
(GLUT) compared to anrmalignant cell$#44° Positron emission tomography (PET),
which is widely employed in the clinic for tumor visualization following adstnaition

of radiolabeled glucose analogs (e)§E-FDG), is the most evident application of this
phenomenon. Assuch, several strategies are under investigation with the goal of

exploiting this altered metabolism in cancer cells to improve the selectfity
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antiproliferative agents such as paclitaxel, doxorubicin, and platasad
compoundg#a 150

Disulfide-based redox switches havedm employed in the glycoconjugation of a
thiosemicarbazone iron prochelator system (Fidu4e?).'°! Glycoconjugate prochelators
were synthesized with glucose and mannose moieties (e.g., G6TC4 and M6TCA4,
regectively, Figure 1.4.2) and these austructs were tested in two colon cell lines. All
glycoconjugate prochelators were more toxic to the malignant-Camll line when
compared tahe normal colorectal cell line CCD4®. In addition, the sugar moieties
enhanced the aqueous dulily of the prochelators. This initial study showed that
disulfide-based glycoconjugate prochelation strategies can be viable options to target

cancer pheotypes characterized by metabolic alterations of iron and glucose handling.

G6TC4 M6TC4

Figure1.4.2 Glycoconjugate iron prochelators that show antiproliferative activity and selectivity in the
colorectal cancer celine Cace2.

Overall, glycoconjugation provides alternative routes for cellular uptake and
activaton of the pochelators, with the added benefits of increasing solubility in
hydrophilic media and of preventing undesired metal binding by masking thdirdpela

unit prior to activation.
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1.5. Conclusions and outlook

Although initially developed simply to treat metal oveudo disorders, small
molecules that bind transition metals have shown considerable promise in the
development of new strategies for cancer chéerapy. Several compounds targeting
iron, copper, andiac are currently the focus of intense research in-camcer drug
discovery. Because the homeostasis of transition metals in the body is essential, a fine
balance must be achieved to maintain themabrfunctions of noftancerous cells while
affecting méignant cells. Recent prochelation approaches are expeicteafford
improved selectivity as they take advantage of certain conditions such as the intracellular
redox environment or the Warburg effettt target metals in cancer cells. Several
chelators begfit from coadministration with other anticancer drugsnzymes, or
simultaneous metal deficient diets, and these effects motivate further investigations of
combination therapies. In this context, tifuhctional compounds, in which metal
chelators are tdched to cytotoxic and/or targeting moieties, could rofdditional
opportunities to improve the overall selectivity and efficacy of the rataling systems.

In general, the preclinical and clinlcstudies of metabinding small molecules for the
treament of cancer will continue to contribute to a bettalarstanding of the biological
roles of transition metals in physiology and will lead to new and more nuanced

approaches to target metals in mogthl chemistry.
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Chapter 2:  Antiproliferative Activ ity of a Series ofDisulfide-Masked Iron
Prochelators
Publications statement: Portions of this chapter were published inJdoenal of

InorganicBiochemistryin 2018 and are reused with permissiothiis chapter.

In addition, portions of thisvork were conductedin collaboration withformer Tomat
group membeDr. Eman Akam and witltollaborators Professdfarry Daily and

Jason Marcero at the University of Georgia.

Utterback, R. D.; Akam, E. A.; Meero, J. R.; Dailey, H. A.; Tomat, E., Disulfide
maskedron prochelators: effects on cell death, proliferatenmy hemoglobin production.

Journal of Inorganic Biochemisty018 180, 186193.

The iron metabolism of malignant cells, which is alteredrtsure higher acquisition and
utilization, motivateghe investigation of iron chelation strategies in can@atment. In

a prochelation approach aimed at increasimyracellular specificity, disulfide
reduction/activation switches are incorporated imm-binding scaffolds resultingn
intracellularly activated scavengers. Herein, this strategy is applied/éoakéridentate
donor setsincluding thiosemicarbazones, aroylhydrazones and semicarbazones. The
novel prochelator systems are antiproliferativbreast adenocarcinoma cell sn@MCF

7 and metastatic MDMB-231) and do not result in thatracellular gneration of
oxidative stress. Consistent with iron deprivation, the tested prochelators lead-to cell
cycle arrest at the G1/S interface and uotion of apoptosis. Notably, althgiu

hemoglobirsynthesizing blooaells have the highest iron need in the aanbody, no
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significant impact on hemoglobin production was obserwedthe MEL (murine
erythroleukemia) model of differentiating erythroid sellThis study provides new
information on the intracellular effects of disulfitbased prochelators and indicate
aroylhydrazone (AHIS) asa promising prototype of a new class of antiproliferative
prochelator systems.

2.1. Introduction

Rapidly dividing méignant cells arecharacterized by a reprogrammed iron
metabolism, which enhances intracellular iron availabthirough an altered expression
of several key proteins for iron homeostaéi€orrespondingly, thexgression levels of
transferrinreceptors, ferroportin and ferritin have been identified as prognostic markers
in breast cancer patierts?>?2 At a molecular level, reactivity based fluorescent probes
of intracellular iron have shown recently that the labile iron pool is larger in $evera
cancer cell line when compared to nenalignant oneé?3® As such, higkaffinity
scavengers (chelators) can be employed to target the increased iron needs afedlancer
for the development of antineoplastic ageftés summarized in Section 1.3het
scaffolds of chelators studied inig context vary substantial(§rig. 1.3.1 andig. 1.3.2:
from hexadentate hydroxamdiased siderophoreée.g., desferrioxamine, DFO) to
bidentate deferiprone (DFP) to tridentate thiosemicarbazones (e.g., Triapide) a

aroylhydrazones (e.g., salicyl igootinoyl hydrazone, SIH).

As early as the 1950s, thiosemicarbazones were found to have anticancer activit
in mice®253 Since then numerous thiosarbazones and hydrazones have been
studied for their antineoplastic effedis vitro and in animal modef&. Furthermore,

Triapine has been investigated in several clinical tffaMore recently, new classes of
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thiosemicarbazones were investigated as iron chekft@sg these studies produced
highly potent compaads such as e-pyridylketone 4,4dimethyl3-thiosemicarbazone
(Dp44mT) and dR-pyridylketone 4cyclohexyt4-methyl3-thiosemicarbazone (DpC),
which proved effective in vitro and in vivo through oral and intravenous
administratiorf>'>* In particular, these compounds demonstrated the potemtial t
overcome multidrug resistariéeas well as some of the limitations Bfiapine, including

methemoglobin formatioff® DpC has entered clinical trials in 20%6.
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Scheme2.1.1 Reduction/activation of a disulfide switch in thiosemicarbazanehelator TC1-S).

Within the study of metabinding pharmaceuticals, prochelation strategies are
being pursed to minimize offtarget toxicity through inclusion of structural motifs that
render the chelator inactive until triggereddigeasespecificconditionst!®1*8Examples
of this approach include prochelators that are activated by intracellular en2jries,

under oxidative stress conditioHs;'¢2and by reduction of disulfide boné&:12>163

The disulfide reduction/activation approach employs disulfide bonds as-redox

sensitive switches that are triggeredon cell entry bythe high concentrations of
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cytosolic thiols with respect to the extracellular milieu. Indeed, the intracellular
concentrations of reduced glutathione (GSHLBmM) are orders of magnitude greater
than those in the extracellular space htwbd plasma (& ¢ ¥#}2LAs such, disulfide
linkages are employed extensively in prodrug and chemosensor t#ésf§and recent
theranostic systems have allowed visualization of selective distlfisded drug release

in vivo.1®® In addition, malignant tissue contains higher Is\af GSH when compared to
the neighboring normal tissié;16718 therefore disulfide switches are partialya

attractive for the design of antiproliferative prochelator systems.

We have previously shown that a disulfide bond @ernployed to mask sulfur
donor within tridentate thiosemicarbazone chelators (Sctei®).t?4#12>The resulting
disulfide-based prochelators do not coordinate metal ions in neutral agueous solutions,
whereas the thiolategenerated upon intracellular reduction are kadfinity chelators:?*
In the case of prochelator (T, (Scheme2.1.1), intracellular reductiorand iron
binding lead to the formation of a leapin ferric complex that is not redactivel?®
More recently, we have utilized disulfide switches hnkers in glycoconjugate
prochelator systems targeting the overexpression of glucose transporters in colon cancer
cells®! Furthemore, disulfidebased thiosemicarbazone prochelators have the potential
to alter iron trafficking and distribuin in the tumor microenvironment through their

effects on the iron phenotype of turassociated macrophag¥s.

In this work, we apply the disulfideased prochelain design to aroylydrazone
and semicarbazone scaffolds, and we examine the introduction of a methyl substituent at
the iminic cabon in the new prototypes and in the original thiosemicarbazone

framework. The intracellulagffects of the corresponding datrs, which featte both
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(S,N,S) and (S,N,O) donor sets, are investigated with respect to redox behavior, cell
cycle, toxicity anl cell death. In addition, the impact of selected chelators on hemoglobin
production is studied in a model of differentiatiagythroid cells, amely the type of

mammalian cells that require the highest amount of iron.

2.2.Results and discussion
2.2.1. Synthesis

The prochelators examined in this work fall into three classes of -imiei@ihg
scaffolds (Fig. 2.1): thethiosemicarbazong9 C compounds), tharoylhydrazones (AH
compounds) and the semicarbazones (SC compounds). The selected compounds allowed
comparisorof binding groups with (S,N,S) and (S,N,O) donor sets, as well as different
functional groups (e.g., arblrydrazones vs semicarbazones witthia (S,N,O) binding
units). In addition, methyl hydrazone analogs were included because studies on SIH and
relaed highaffinity hydrazone chelators indicated that these derivatives are more stable

with respect to hydrytic degradatiort®
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Figure2.21 Disulfide-based prochelators and thioether control compound employed in this study.

39



Thioether TE1 was synthesized as a controllcanaf prochelator (TCB)
lacking the disulfide bond. TE1 does not bind iron in physiologically relevant conditions

(Fig. 2.2.2) and cannot be reduced by intracellular reagents to produce abinging

species.
0.45
04 TEA
0.35 0.5 equiv Fe(ll)
1.0 equiv Fe(ll)
® 03 1.5 equiv Fe(ll)
£ 025 2.0 equiv Fe(ll)
el
Qo
2 0.2
<
0.15
0.1
0.05
0
300 350 400 450 500 550 600

Wavelength (nm)

Figure2.22UV-Vi si bl e absorption spectra of TE1(5 €M) in t
Fe(BR)-A 6.8 in a buffered aqueous solution (50 mM PIPES, pH 7.40, degassed with threefregze
thaw cycles).

The disulfidebased prochelators were synthesized via Stlide condensation
reactions between a BAdithiodibenzyl aldehyde or ketone and a thiosemicarbazide,
semicarbazide, or artlydrazide. A major advantage in the purification of the
compounds in Fig2.2.1 is the solubility difference between the startingterials and the
products of the condensation reactions. Although the starting materials are soluble in
refluxing alcohols (e.g., methanol, ethanol, isopropanol), the disulfide prochelators
generally precipitate from the reaction mixtures in quantitatiekels and high purity. For
biological testing, stock solutions of the prochelators were then prepared in DMSO.
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Compound (SCB), however, presented limited solubility in DMSO and was not

investigated further.

The stability of the disulfide prochelatoyssems and of the thioether control was
assessed in aqueous buffered solutions in the presence of GSH at a physiologically
relevant concentration (11 mM). In all cases, no significant decomposition was observed
over a period of 10 h (FigR.2.3and2.2.4). A slight increase of the baseline in some
cases (TC3 and TC5, Fig.2.3, and AH1, Fig2.2.4 was attributed to slow precipitation,

which could be observed by the naked eye upon standing of the solutior2el dver
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Figure 2.23 UV-visible absorption study of the stability of the thiosemicarbazone prochelator systems
6.2012.5 &M) in buffered aqueous solutions (50 mM PI
solutions were monitored over a total period of 18tI87°C Stock solutions of the prochelators were

prepared in degassed DMSO, and the buffer was degassed by three cycles -plfrgetteaw.
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Figure 2.24 UV-visible absorption study of the stability of the aroylhydrezcand semicarbazone

prochelator systems and of the thioether control compoundl(®2. 5 & M) in buffered agqi
(50 mM PIPES, pH 7.4) containing GSH (11 mM}ock solutions of th@rochelators were prepared in

degassed DMSO, and the buffer vdggiassed by three cycles of fregzenpthaw.

2.2.2. Antiproliferative activity

Our assessment of the antiproliferative activity of the compounds focused on
breast cancer because i&ssociation to an altered metabolism of iron is well
documented’?8 The prochelators were tested in breast adenocarcinomanesIMCF7
(ATCC® HTB-2 2 E) an-dB-2DPATCC® HTB26 E) wusing standa
assay protocols (Table2.2.1). For comparison with a normal cell line, the
antiproliferative activity was also assessed in lung MiRfibroblasts (ATCC® CCL

171E) .
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ICs0 (€M)

MDA-MB-231 MCF-7 MRC-5
(TC1-S) 4.4+0.7 12.3+ 08 305
(TC3-S) 17.0 0.4 48.3+1.2 27.3+1.6
(TC5-S) 17+3 37+1 > 300
(TC6-S) 18.1+0.9 19.5+ 1.5 29.0+ 0.6
(AH1-S) 6.7 £ 0.5 4.6+09 20.5+ 1.0
(AH2-S), 171+ 1.5 45.3+2.9 > 100
(SC2S), 45 + 4 45 +1 91+3
TE1 > 200 > 100 > 100

Table2.21 ICs values for disulfide proaators in breast cancer cell lin@dDA-MB-231 and MCF7)
and normal lung fibroblastdMRC-5). ICso values were determined using standard MTT assays after 72
incubations. Values are presented as mean + SDM.

The antiproliferative activities of the thiewicarbazoneand hydrazondased

disulfidemasked prochelators in the cancer cell lines fall withimelatively narrow

range, with IGoval ues mostly ranging from 4 to 50
observed for this type of prochelatéf:1>*Within the tested panel, wabserved that the
semicarbazone (SER) presented the highest §Cvalues. This observation is in line
with previous studies showing lower antiproliferative activities of semicarbazones as
compared to their thiosemicarbazone analdys! Confirming the requirement for
intracellular activation and iro binding, the thioether control TE1 did not affect cell
viability across all concentrations tested
In the normal fibroblasts, Ksv al ues wer e consi sandupt | y hi

to> 100 ¢ M-Skand (TC58)H ARIthough selectivty for cancer cells cannot be

easily derived from comparisons of toxicity parameters in different cell cultures, these
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data indicated that the prochelators, including the most active compL@isS), and

(AH1-S), are generally less toxic to the MRE&Jibroblasts.

We have previously shown that the exposure of cultured cells to prochelator
(TC1-S) leads to iron sequestration and intracellular formation of aslow Fe(lll)
complex?® This ferric species is at susceptible to intracellular redox cycling and
therefore doesot elicit catalytic generation of RG%"*?°Indeed, the observed toxicity
values for (TC1S), (Table2.2.1) in the micromolar range aexpected for a species that
interferes with the intracellular availgity of labile iron (also micromolatj? without
causing oxidative stress. Conversely, chelators that form +&ctose complexes (of iron
and/or copper) typically display higher toxicity parametéfsd For instance, effective

antiproliferative chelators sh as Triapine and Dp44mT lead to the oxidation of

oxyhemoglobin to methemoglobin (among other effelfs).

The micromolar 16 values observed for the series of prochelators examined
herein are similar to those of (TE, and hence compatible with the notiontthizese
compounds exclude intracellular iron from redox cycling. ¥éeght to examine this
possibility through assays of redox activity prior to proceeding to the analysis of the

impact of the prochelators on cell cycle and heme biosynthesis.

2.2.3. Investigationof intracellular ROS generation

Our initial tests of oxidative retity of the metal complexes derived from our
chelator systems were conducted in vitro usingbiiezoate hydroxylation assay in the
presence of Fe(ll) and 2. (Fig. 2.2.5. These measurements indicated that the

compounds did not induce oxidative reaityiv whereas the formation of fluorescent
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salicylate upon benzoate hydroxylation was clearly observed in the presence of the

positive control EDTA.

250

200

=EDTA

= SIH
TC1-SH

" AH1-SH

uSC2-SH
TE1

Percent control

50

0.1 1 3
Iron Binding Equivalents

Figure 2.25 Effects of chelators on the hydroxylation lménzoate in the presence of(lFeand hydrogen
peroxide.Benzoic acid (1.0 mM) was incubated for 1 h at room temperature in 10 mM phosphate buffer
(pH 7.40) with 0.1, 1, and 3 iron binding equivalents (IBE) of chelators, #&S@8 ( 30 & M) ,
hydrogen peroxide (5.0 mM). The fluorescence of hydroxylated benzoate was measured (308 nm
excitation, 410 nm emission) and results are expressed as a percg#nthgecontrol in the absence of
chelator (100%). Results are the mean * standard deviation of teplisasurements. * p < 0.01.

The ability of the disulfide prochelators to induce oxidative stress intracellularly
was then tested using DCEBA as a fluorogenic probe DCFH>-DA, which is
hydrolyzed to DCFKland trapped intracellularly upon the actioresferases, reacts with
several ROS/RNS species (e.g., hydroxyl radical, peroxynitrite) to produce the
fluorescent dichlorofluorescein (DCF) d¥/é.Hydrogen peroxide (used as the positive
control in this assay) does not react directly with DgHRbut its intracellulametat

mediated decomposition produces the detected ROS/RNS spécies.

Treatment of MDAMB-231 breast adenocarcinoma cells with high nétfi

anod

chelator SIH (50 &M, 2 h) results i n suppr
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significant decrease of DCF flusscenceeompared to the untreated control (R2g.6).

This behavior is well documented, and in fact SIH can be employed to poelésct
against metal mediated oxidative str&S<zor a selection of prochelators featuring one
compound of each family of binding wsi(Fig.2.2.6), wefound that treatment of MDA
MB-231 cells (50 €M, 2 h) also resedtothe i n
untreated control. Conversely, treatment with thioether TE1, which lacks-bnedatg
affinity, does not result in supggsion of basal ROS/RNS concentrations. The antioxidant
behavior of the prochelators can therefore be ascribed to metassegion, which
excludes Fe(ll) ions from Fenton chemistry, rather than to radical/ROS scavenging

reactivity by their organic franeork.
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Figure 2.26 Assessment of intracellular generation of ROS uponhation with selected prochelators.
MDA-MB-231 cells were treated with the indiDEBH-ed ¢
DA (30 €M, 30 min) in PBS, and then analyzed by
control and SIH s.a negative control. Values are ggated as mean + SDM (n = 3), ** p < 0.01.
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Because the positive control {Bb) showed a regmse that is an order of
magnitude higher than that of the untreated cohffale conclude that our prbelators
do not result in inductioof oxidative stress at the tested concentrations and treatment
time. Rather, the disulfidmasked prochelators protect against metatiated

intracellular oxidative stress as measured by DEBA.

2.2.4. Effects on cell cyclerogression

Iron chelation often asses cell cycle arrest at tha/& interface!®’’i.e., after the first
growth (G) phase and before the DNA synthesis (S) phase, because cells display lower
DNA biosynthett activity and cannot pgvess through the cell cycté Although the
decreased availability of iron affects several cellular processes,itBeatest has been
attribued, at least in part, to the abjlitof chelators to decrease the activity of
ribonucleotide reductase (RNR), an enzyme that is critical for DNA syntl3é4t&179.180
The Tanat group hagpreviously shown that treatment of culturedkatirlymphocyte
cells with prochelator (TGS). results in decreased intracellular levels of active RNR as
measured by electron paramagnetic resonance (EPR) spectr&Sddesein,| sought to
investigate the effes of our selection of prochelators on cell cycle progresgierin the
redox activity assayside suprg, high affinity chelator SIH was employed as a positive

control181
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Figure 2.27 Effect of prochelators on cell cycle in MDKB-231 cells.Cells were treated with the
compounds (10 or 50 ¢M, 12 h), har vest gopduhi xed, o
iodde( 0. 5 mg/ mL and 40 ¢eg/ mL, respectivel vy, 30 min)
presented as mean £ SDM (n = 3), * p < 0.05 and ** p < 0.01.

| tested cell cycle distributions in MDMB-2 31 cel |l s after 10
treatment and 1B incubaions (Fig.22.77 . At 10 ¢ M, SI'H r/Ssulted
interface, with accumulation of d@ compared to the untreated control. At this
concentration, treatment with (AFB), resulted in Go accumulation as significant as
that for SIH. This accumiation of cells in the @o phase is accompanied by statistically
significant depletion of cells ithe S phase, with (AHE), being more effective than SIH
(Fig. 2.2.7, top panel ). At the higher concentra
similar impact on cell cycle, with Go accumulation and S depletion being statistically
significant in all cass (Fig.2.2.7, bottom panel). These data therefore indicate that all the

tested prochelators have effects on cell cycle that are consistent with irestsatipn.
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2.2.5. Effects on cell death

Apoptosis is an important form of programmed cell death that is ofiplicated
as the pathway of chelationduced cytotoxicity.’’ Several iron chelators, such as
DFO'® and thiosemicarzmne Dp44mTe initiate the apottic pathway of cell death.
In the context of this analysis of the biological activity of disuHtdesed prochelators,
we investigated their effects onlicdeath using Pl and the fluorescein isothiocyanate

conjugate of Annexin V (FTIEANNnV) as probes foapoptotic markers.

Preliminary experiments indicated that MEMB-231 cells suffered partial
rupture in the conditions of this assay after en4Bcubatim, and a significant portion of
cellular debris was detected by flow cytometry. Nevertheless, reliesllts (Fig2.2.8)
were obtained using suspended cultures of Jurkat lymphocyte cells, in which the
activation of prochelator (TG$). has been previolysdocumented?® In this assay, we
used potent antineoplastic agent taxol (paclitaxel) as a positive control knowduée in
apoptosig®* and tridentate chelator SIH was included as a comparison leading to iron

sequestration with noed for intracellular activation.

For all tested prochelators, 48 treatments resulted in a decreaseiable cells
compared to the untreated control. This observation is accompanied by a significant
increase in populations that stain positive for Aronly (termed apoptotic) or AnnV and
Pl (termed lateapoptotic). Within the prochelator series, (AB% was as effective as
SIH at inducing apoptosis. The thiosemicarbazioaged prochelator (TC3) is less
effective and the semicarbazone analog (S{2s the least potent of all the compounds

tested. These results are consistent with the antiproliferattieity of this series of
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disulfidemasked prochelators as assessed by colorimetric assays as well as their efficacy

in halting cell cycle progressidisection2.2.4).

100‘@ '\§ s § _\\§ @
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Figure2.28 Investigation of celdeath in the presence of disulfidlased prochelatorsurkat cells were
incubated with the tested compound®dcb/nd). FelMying4 8 h)
treatment with FITEAnnV and propidium iodide (PI), the cells were analyzeditw cytometry. Values

are presented as mean + SDM (8)7* p < 0.05 and ** p < 0.01.

The induction of apoptosis in Jurkat cells by disuHidasked prochelators is
concentration and timedependent, and we observe an increase in AnnV+/Pl+
populations wth longer incubations or higher concentrations (datashmown). None of
the treatments resulted in significant populations that stained positive for Pl only (< 4%
of the population in all cases), ruling out necrosis as a pathway of cell death. Irofact, i
scavengers are known to suppress -imediated neasis that results from Fenton
reactions and ROS generatih The lack of a significant necrotic population is indeed

in line with the fact that our prochelators suppress basal ROS levels (vide supra).

Collectively, and in agreement with the IC50 values (T&dil), the data from

cell cycle and cell death assays indicate that aroylhydrazone -$Hland
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thiosemicarbazone (TCX) are significantly more effective than semicarbazone (SC2

S) as antiprolifeative prochelators.

2.2.6. Effects on hemoglobirproduction

Rapidly dividing cells, such as malignant cells, require increased iron levels
during proliferation; however, the greatest need for #lisment and the highest
expression of transferrin receptors ateracteristic of differentiating erythromklls18°
These blood cells areresponsible for hemoglobin (Hb) biosynthesis during
erythropoiesis, a procesisat consumes 20 mg of iron per day in aarage adul'®’ In
the context of this initial biolagal invesigation of disulfidebased prochelators, we
sought to examine the impact of these dibamding compounds on hemoglobin
synthesizing cells and hence their potential to interfere with the criticad@pendent
process of red blood cell produaticAs modet of erythroid cells, we employed murine
erythroleukemia (MEL) cells, in which differentiation from proerythroblast to
orthochromic stages of erythroid development can be induced by Dft$®.

Disulfides (TC1S), (AH1-S), and (SC2S), were assessed to tdanine their
impact on hemoglobin (Hb) pradtion which could affect the ircdependent process of
red blood cell production. This study was carried out through a collaboration with Dr.
Harry Dailey and Jason Marcero at the University of GeorQierall treatment of
induced MEL cells with disuifleb ased prochel ators or with
e M, 72 h) did not have maj oand/oe dbxidaiantts o0 n

methemoglobin.
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2.3.Conclusions

The chemistry of disulfide bonds in biological settings, and specifically their
reductionby abundant intracellular thiols (e.g., glutathione), can be utilized for the design
of prochelators that target intracellular iron. This approach was initially tested on
thiosemicarbazone scaffolds and was extended herein to aroylhydrazone and
semicarbaane binding units. Each prochelator is reductively activated to a tridentate
chelator with a (S,N,S) or (S,N,O) donor set. The introduction of methyl hydrazone

motifs on all three systems was examined as an additional design feature.

The antiproliferativeactivity of this cohort of prochelators was assessed in breast
adenocarcinoma cell lines (ME&Fand MDAMB-231) and IC50 values were determined
in the micromolar range, namely at concentrations similar to those of cytosolic iron.
None of the prochelator/ehator systems induced intracellular generation of oxidative
stress in celbased assays using DCFBA as fluorogenic probe of ROS. Conversely,
we observed that the prochelators result in suppression of inherent ROS, likely because of
the exclusion of lalke iron from intracellular redox cycling and production of ROS. Both
the toxicity assays and thesassment of oxidative damage in cells therefore indicated
that the prochelator systems are not leading to the formation of redox active iron

complexes of lgher toxicity relative to the parent chelators.

The reduction/activation of the disulfiseasked pochelators is crucial for their
antiproliferative action. The thioether compound TE1, which is a close analog of

thiosemicarbazone prochelator (TSt but lacks the disulfide bond, showed no

antiproliferative activity even at 200 ¢ M.
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Additional experiments in MDAMB-231 cells indicated that, similar to other
antiproliferative iron chelators, the tested compounds resulbincél cycle arrest and
the extehof accumulation at €x correlated well with the antiproliferative potency of the
prochéators. The mechanism of action of these systems likely proceeds through an
apoptotic pathway as determined by staining methods through flow cytometry. Finally,
we faund that the most antiproliferative disulfid@sed prochelators of this series do not

affect significantly the process of heme biosynthesis in the MEL model of erythropoiesis.

In summary, disulfide/thiol switches afford viable approaches to the develbpmen
of antiproliferative iron chelators that are activated under reducing intracellular
condtions. This strategy is amenable to structural modifications, and the compounds
reported herein (featuring (thio)semicarbazones and aroylhydrazones) interfereliwith c
cycle progression and induce apoptosis, with new aroylhydrazone compouneS{AH1
preenting the highest biological activity so far. Relevant to their potential medicinal
applications, these prochelators do not lead to oxidative stress or reduced heme

production in cultured cells.

2.4.Future directions

Knowing that a disulfide switch can be eayed to mask a thiolate binding
moiety, several modifications on these prochelator scaffalolsld improve their
selectivity and potency.

A portion of this work inaidedthe introduction of a methyl substitueat the
iminic position. Some of the more sessful chelators synthesized by the Richardson

group have a benzyl and pyridyl group at the iminic posftid® These &ectron
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withdrawing groups at the iminic position result in iron complexes that are -edive
in cells, thereforethis modificaion could be explored with our disulfide prochelators.

Other predrug strategies have beeemployed to improve the selectivity of
chelators in the treatment of cancer, as summarized in section 1.4. We have previously
reportedthe use of our disulfide swit with glycoconjugatiof® but there are other
methods that can be used togetr cancer cells. Estrogeonjugated drugs have been
synthesized to target breast cancer ¢&li$>?Peptides can also be used to target irerta
types of cells or for directing these chelators to certain organelles. Recantly,
mitochondria directing peptide has been used to direct DFO to the mitochoinceiés o
where DFO can sequester labile iron in the mitochoriéftia.

Synthetic modificationgnd these celflirecting methods are only a small subset
of possible modifications that can be studied with our prochelator sysédinsugh |
mainly focused on the most biologically active compounds, {$hnd (AHES),, the
two selective prochelato§C5-S), and (AH2S), canalsobe explored to determine if
these compounds can be modified to be more toxic to cancer cells.

2.5. Experimental
2.5.1. Materials and methods

3-(4,5dimethylthiazol2-yl)-2,5-diphenyltetrazolium  bromide (MTT) and
propidium iodide (PI) wre purchased from VWR and used as received. The fluorescein
isothiocyanate conjugate of Annexin V (FIFAhnV) was purchased from Fisher
Scientific and used per anufacturer's instructions. All other reagents were purchased

from common commercial sourcasdaused without further purification.
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Thin layer chromatography (TLC) was conducted on Silica Gel 60 F254 X plates.
NMR spectra were recorded on a Bruker BBOO MHz NMR spectrometer. Chemical
shifts are reported i n pasotventppaksrandioi TIMSEi on (
peak set as referendgigh-resolution mass spectra (HRMS) were recorded on Bruker 9.4
T Apex-Qh hybrid Fourier transfer ieayclotron esonance (FTCR) spectrometer in the
Mass Spectrometry Facility at the University of Arizona Department of Chemistry and
Biochemistry.

Absorption and fluorescence assays in\®6éll plates were recorded on a BioTek
SynergyE 2 micr op lcaet wavalergthsl Elow cgtametticraealysiesn d i
were performed at the University of Arizona Cytometry Core Facility (Arizona Cancer
Center/Arizona Research Laboratories) using a FACSCanto Il flow cytometer
(BDBiosciences, San Jose, CA) equipped with arcaited 15mW argon ion laser
tuned to 488 nm. The emission fluorescence of dichlorofluorescein (DCF), PI, and FITC
AnnV were detected and recorded through a 530/30 bandpass filter in the FL1 channel.
List mode data files consisting of 10,000 events gatedSi fforward scatter) vs SSC
(side scatter) were acquired and analyzed using the CellQuest PRO software (BD
Biosciences, San Jose, CA). Appropriate electronic compensation was adjusted by
acquiring cell populations stained with each dye/fluorophore indiligluas well as an
unstained control.

2.5.2. Synthesis of disulfide prochelators

(TC1-S), and (TC3S) were synthesized according to reported procedéfes.
The other prohelators were synthesized via condensation of a thiosemicarbazide,

semicarbazide, or hydrazide with a @dthiodibenzyl dialdehyde or methyldiketone.
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Precursors i(disulfanediylbis(2,Iphenylene))diethanorté? 2,-20
dithiobenzyldialdehydé® benzhydrazidé®® and bis(2-formylphenyl)thioethef” 19
weresynthesized according to literature procedures.

(TC5-Sk: 1'-(disulfanediylbis(2,iphenylene))diethanone (150 mg, 0.49 mmol)
was suspended in ethdiwoHCI (4 mL, 0.12 mM) and was heated to reflux for 30
minutes and 4$henyl thiosemicarbazide (150 mg86.mmol) was then added as a
solid. The reaction mixture was allowed to refliex 3 hours. Upon cooling, the
resulting precipitate was isolated bitration, washed with water and dried under
vacuum (152 mg, 77% vyielddH NMR (500 MHz, DMSGQds) U 11.05(s, 1H),
10.03 (s, 1H), 7.82 (dd, J = 8.1, 1.1 Hz, 1H), 7.70 (ddd, J = 9.8, 8.1, 1.1 Hz, 3H),
7.40 (dtd, J = 32.2, 7.4, 1.4 Hz, 3H), 7.3®3 (m, 2H), 7.13 (i, J = 7.0, 1.1 Hz,
1H), 2.48 (s, 3H)XC NMR (126 MHz, DMSQds) U 176.42, 149.39, 13980
13744, 135.38, 130.20, 129.802, 128.734, 127.04, 126.79, 125.35, 123.69,17.11.

HRMS m/z[M+Na]* calculated for @H2sNsSuNa 623.11560; found, 623.11488.

(TC6-Sk: 1'-(disulfanediylbis(2,iphenylene))diethanone (150 mg, 0.49 mmol)
was suspended in etfi@ic HCI (7.5 mL,0.12 mM) and heated to reflux for 30
minutes. Thiosemicarbazide (180 mg, 1.97 mmol) was then added to the reaction
flask as a solid and the mixture was allowed to reflux for 3 hours. Upon cooling to
room temperature, the precipitate waslatel by filtration, washed with water
then dried under vacuum (210 mg, 95% yiel#).NMR (500 MHz, DMSQds) U

10.62 (s, 1H), 8.43 (s, 1H), 707267 (m, 1H), 7.64 (ddj = 7.7, 1.3 Hz, 1H),

7.56 7.51 (m, 1H), 7.36 (dtd] = 29.9, 7.6, 1.2 Hz, 2H), 204(s, H). 13C NMR
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(126 MHz, DMSQds) U 179.59, 148.93, 137.63, 135.37, 130.01, 129.63, 126.95,
126.86, 17.05. HRMSn/z [M+Na]* calculated for @H20NsSsNa, 471.05300;
found,471.05281.

(AH1-S): 2 , -ditbiobenzyldialdehyde (235 mg, 0.86 mmol) was combiwéad
benzhydrazide (256 mg, 1.88 mmol) in ethanol (5 mL) and brought to reflux to
dissolve the starting materials. The reaction progress was monitored by TLC. Upon
completian, a white solid was collected by filtration, washed with ethanol (3 x 6
mL) and died urder vacuum (333 mg, 76%H NMR (500 MHz, DMSQGds) U

12.07 (s, 1H), 8.92 (s, 1H), 7.96 (0= 7.4 Hz, 2H), 7.89 (d] = 6.9 Hz, 1H), 7.65
(dd,J = 27.8, 7.3 Hz, 2H), 7.56 (§,= 7.5 Hz, 3H), 7.43 (pJ = 7.0 Hz, 2H).23C

NMR (126 MHz, DMSQde) U 163.49, 145.90, 135.74, 134.02, 133.66, 132.35,
130.88, 1286, 128.97, 128.78, 128.45, 128.14, 110.01. HRM& [M+H]*
calcubted for GgH23N4O2S,, 511.12624; found 511.12565m/z [M+Na]*
calculated for @gH22N402SNa, 533.10819; found 533.10752.

(AH2-S): 1'-(disulfanediylbis(2,iphenylene))diethanone (37 mg,1P. mmol)

was suspended in ethanolic HCI (5 mL, 0.12 mM) and was heated to reflux for 30
minutes to dissolve the starting material. Benzhydrazide (42 mg, 0.31 mmol) was
then added to the reactiondlkaas a solid and the solution was allowed to reflux
for 3 hours. The resulting precipitate was isolated by vacuum filtration, washed
with water, and then dried under vacuum (35 mg, 53% yi#tiNMR (500 MHz,
DMSO-ds) 119.76 (s, 1H), 8.16 (ddl = 7.8,1.4 Hz, 1H), 7.82 (dd] = 8.3, 1.4 Hz,

1H), 7.65 (ddJ = 8.2, 1.1 Hz, 1H), 7.5%.55 (m, 1H), 7.567.48 (m, 1H), 7.45

(ddt,J = 8.2, 6.7, 1.2 Hz, 1H), 7.41 (ddd= 7.7, 7.3, 1.2 Hz, 2H), 2.70 (s, 3H).
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13C NMR (126 MHz, DMSGds) U 200.03, 166.40, 138.96, 134.73, 133.83,
132.93, 131.49, 128.74, 127.38, 126.4%25.81, 28.01. HRMSm/z [M+H]*
calculated for GoH27/N4O2S,, 539.15754; found 539.15801m/z [M+Na]*
calculated for GoH26N40O25Na, 561.13949; found 561.13960.

(SC1-S)k: 2 , -@tlbiobenzyldialdehyde (267 mg, 0.97 mmol) was combined with
semicarbazide hydrotdride (325 mg, 2.92 mmol) in ethanol (2 mL) and brought
to reflux to dissolve the starting materialfie reaction progress was monitored by
TLC. Upon completion, an ofivhite solid was collected by filtration, washed with
ethanol (3 x 4 mL) and dried uadvacuum (322 mg, 98%)4 NMR (500 MHz,
DMSO-ds) Ui 10.49 (s, 1H), 8.30 (s, 1H), 79890 (m, 1H), 7.627.56 (m, 1H),
7.387.32 (M, 2H), 6.48 (s, 2HFC NMR (126 MHz, DMSQds) 1 156.86, 137.62,
134.24, 129.91, 129.55, 128.60, 128.33. HRMi®& [M+Na]* cdculated for
Ci1eH16NeO2SNa, 411.06738; found 411.687.

(SC2S): 1'-(disulfanediylbis(2,iphenylene)) diethanone (100 mg, 0.33 mmol)
was combined with semicarbazide hydrochloride (110 mg, 0.99 mmol) in ethanol
(2 mL) and brought to refluxThe reaction ppgress was monitored by TLC. An
off-white product was collected by filtration, washed with ethanol (3 x 4 mL) and
dried under vacuum (20 mg, 15981 NMR (500 MHz, DMSGds) U 9.65 (s, 1H),
7.65 (dd,J = 8.0, 1.3 Hz, 1H), 7.56 (dd,= 7.6, 1.5 Hz, 1H), 7.367.26 (m, 2H),
6.40 (s, 2H), 2.28 (s, 3H}*C NMR (126 MHz, DMSQds) U 157.35, 144.98,
138.04, 129.36, 129.05, 126.75, 126.53. HRMfz [M+H]"* calculated for
CisH21NeO2S,, 417.11674; found 417.11630m/z [M+Na]® calculated for

Ci18H20NeO2S:Na, 439.09868; found 439.09826.
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TE1: 4-phenylthiosemicarbazide (232 mg, 1.39 mmol) was combined wit{2bis
formylphenylthioether (150 mg, 0.62 mmol) in ethanol (10 mL) and brought to
reflux. The reaction progress was monitored by TLC. A white precipitate was
collected by filtration, washedith ethanol, and dried under high vacuum (326
mg, 98%).*H NMR (500 MHz, DMSQde) Ui 12.03 (s, 1H), 10.14 (s, 1H), 8.70 (s,
1H), 8.458.39 (m, 1H), 7.607.58 (m, 2H), 7.447.41 (m, 2H), 7.407.37 (m,
2H), 7.267.18 (m, 2H), 7.207.17 (m, 1H).3C NMR (126 MHz, DMSO-
de).176.40, 140.78, 139.41, 134.55, 132.61, 131.30, 128.60, 128.47,4126.0
125.83. HRMS m/z [M+H]* calculated for @sH2:sNeSs, 541.13028; found
541.12973; m/z [M+Na]* calculated for @H24sNeSNa, 563.11223; found
563.11169.

2.5.3. Cytotoxicity assays

MTT viability assays were conducted as previously descritfeCiells were seeded (4000

cells per well for MCF7, 700 cells per well for MDAMB-231, and 10,000 cells per well

for MRC-5 cells) and allowed to attach for 24 h. Test compounds dissolved i
dimethylsulfoxide (DMSQO) were diluted in Eagle's Minimal Essential Medium (EMEM)

to the specified concentration with final DMSO concentration limite@.1% v/v. Cells

were incubated in the presence of the test compounds for 72 h, then the MTT gdlution

mg/ mL, 10 L) was added to each well and i
DMSO (100 eL) was added t o maaan brystaledndthet o di
plates were incubated for an additional 30 min. Absorption at 560 nm was reeodied

data were analyzed using logarithmic fits (Origin®) to obtaing I€alues. Each
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experiment was conducted in triplicate, and values are given am mestandard
deviation of the mean (SDM).

2.5.4. Detection of intracellular reactive oxygen species (ROS)

Solutions of the fluorescent probe dichlorodihydrofluorescein diacetate (RORH
(Invitrogen) were prepared in DMSO, aliquoted in singde doses andstood at T 20 A
MDA -MB-231 cells were seeded inwéll plates at a density of 1.0 x*1€ells/mL (2.0

x1C cells/ well) and allowed to incubate overnight. The growth media were then
removed and the adherent cells were treated for 2 h with the test compoyhesol

redfree EMEM (0.1% DMSO was used to solubilize the compounds). The positive
control (HO2) was diluted in phosphateuffered saline (PBS) and cells were exposed to

this solution for 10 min. After incubation, the cells were washed with PBS amd th

treated with warm PBS containing DCFB A ( 3 0 20 khin. Afteo removal of the

probe solution, the cells were washed with PBS (x2) and detached using
trypsin/ethylenediaminetetraacetic acid (EDTA) (3 min). The cell suspension was diluted

with growth media (2 mL) and centrifuged at 2000 rfom 10 min. The resulting cell

pel |l et was then suspended in PBS (500 €L
cytometry within 1 h.

2.5.5. Cell cycle analysis

MDA-MB-231 cells were seeded at 0.2 million cells pell e EMEM supplemented

with 0.1 mg/mL human dio-transferrin) in 6 well plates and allowed to adhere
overnight. Media were then replaced with fresh media containing the test compounds
(final DMSO concentration 0.1% v/v) and cells were incubated for .1€dtls were

washed with PBS (1 mL) and thentaehed by addition of 0.25% trypsEDTA (0.4
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mL) followed by a 3min incubation. After addition of EMEM (1 mL), the cell
suspension was centrifuged at 125 g for 15 min. Media were discarded and cells were
fixed by addition of ice cold 70% ethanol 2 mi) d st ored in a free.
overnight (and no longer than one week). Cells were spun at 2000 rpm for 20 min, and

the resulting pellet was suspended in PBS (0.3 mL) and treated with RNAse and PI (0.5
mgimLand 40 e€g/ mL r espect iioeeahdyanalyzed by riawn ) , p
cytometry within 1 h.

2.5.6. Apoptosis assays

Jurkat cells were grown to 1.5 million cells/mL, then centrifuged and suspended in fresh
Roswell Park Memorial Institute (RPMI) medium at 0.5 limil cells/mL. Cells were

then treated with dier test compounds dissolved in DMSO or DMSO alone for control
samples (final DMSO concentration 0.1% v/v). Cells were incubated for the specified

time and then aliquots of 1 million cells were centrifugece Ppbllets were suspended in

binding buffer (10mM 4-(2-hydroxyethyl}1-piperazineethanesulfonic acid (HEPES)

with 150 mM NaCl, 5 mM KCI, 1 mM MgCI2, and 1.8 mM CaCl2, pH 7.4) containing 2

€ g/ mL FI TCAnnV (0. 3 mL ) and sol utoomo n s w e
temperature for 10 min. Pl was added ptioranalysis at a final concentration of 1

eg/ mL.
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Chapter 3: Iron Coordination Chemistry of the Antiproliferative

Aroylhydrazone Chelator AH1-SH

The aroylhydrazone prochelator system (A% is one ofthe most biologically
active compounds withinour series of disulfide prochelatoand is also biologically
active in a rare hereditary kidney cancer cell lctearacterized by high levels of
fumarate The Fe(lll) complex of AH1 is not redox active, as conéd by cyclic
voltammetry; however in the presce of fumarate, this complex is redox active. Isolated
crystals of this complex show that the AISH ligand can bind as both a monoanionic
ligand and a dianionic ligaragecauséAH1-SH cancoordinate in the é&to form and in the
enolate form, respectivelyurther studies by EPR spectroscopy in the presence of acids
and bases confirm that the Fe(lll) complex of AH1 can exist in different protonation

states.

3.1. Introduction

Aroylhydrazones have been extensively studied for their anticancer activity
mainly dwe to their irorbinding properties (Section 1.3.2A key property of
aroylhydrazone# solutionis the tautomerization between the keto form and enol form
(Scheme 3.1.1). Either tautomer can be selected for metal coordination based on the
synthetic condions, andbasic conditions favor the enol tautomer. For example, in the
PCIH series (Figure 1.3.2), tiydrazone ligands bind Fe(ll) as the enol tautomer due to
the presence of triethylamine in the synthesis of the iron compi&kés.some cases, a

mixture of both keto and enol tautomers can bind to a metal center. Iron (Ill) complexes
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of aroylhydrazones with both tautomers present insdreecomplex have been isolated
using iron(ll) acetate and iron(lll) pivalaté: Herein, wedescribe the synthesis and
isolation of an Fe(lll) complex of AH1, where both the keto and enol form are bound to

one Fe (Ill) center.

H
@N’N S
o) OH
SH SH

tautomerism

AH1-SH AH1-SH
(keto form) (enol form)
+H" || -H* +2H* | -2H*
H
O -0
S~ S”

Scheme8.1.1 Keto-enol tautomerism of the aroylhydrazone ABH ligard.

3.2.Results and discussion

3.2.1. Synthesis and crystallographic characterization

AH1-SH is prepared by the reduction of the disulfide prochelator (8Wlusing
dithiothreitol (Scheme 3.2). The ligand readily dissolves in tetrahydrofuran (THF),
resulting in a pale yellow solutionyhich immediately turns dark browmpon the

addition of Fe(Bk)> 6H20. The resulting irorcomplex can be isolated by precipiba

upon addition of pentane.
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Schemed.2.1 Chemical reduction of (AHB), with DTT in DMF to yield the thiol AHiSH.

Theisolatedcomplexhasa 2:1ligandto-metal stoichimetry, which is confirmed
by mass spectrometr-ray diffraction (Figure 32.1), and by a titration performed by
UV-visible absorption spectroscopyigure 3.22). This compleXeaturesa low-spin S=
%) Fe(lll) center asconfirmed by the roormeemperatue magnetic momenheasured by
the Evans methodb§ = 1.6+ 0.1>g).

A single crystal of the complex was isolated by slow vapor diffusion of pentane
into a THF solution (Figure 32.1). The structure shows the AF8H ligand binthg to
the Fe(lll) centem a 2:1 stoichiometry, with thigidentateigands bound in a meridional
fashion Unlike our isolated thiosemicarbazeRe(lll) complexes, the Egl) complexof
AH1-SHis neutralandthere is no BF counterion.This suggests that omé the AH1-SH
ligands binds as a monoanionic ligand, and the other binds as a dianionic ligand in order
to balance out the charge on the metal. €kectatioris confirmed by the presence of a
hydrogen atom on N2B, which is hydrogeound to a neighboring complex, and @& n
found on the N2A of thetherAH1 ligand. The bond lengths of the two different ligands

(Table 32.1) further confirm the two different binding modes
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Figure3.21Cr yst al st r ud} (A EH[sHwilgR patidl Btdm labeling scherii@ermal
ellipsoids are at the 50% probability level. Cardmund hydrogen atoms in calculated positions are not
shown. The hydrogen atom bound to N2B was direaligerve in the electron density map and refined
explicitly.

Deprotonated Protonated
AH1 (enolate) ()  AHL (keto) (A)
FeO 1.986418) 2.037118)
FeS 2.1622(15) 2.1732(14)
FeN2 1.901418) 1.915419)
N2-C8 1.2942) 1.3332)
O-C8 1.2952) 1.24Q2)

Table3.21Sel ect ed bond I engths (j) HdrAHOh & crystal stru

3.2.2. UV-Visible absorption characterization dhe Fe(lll) complex ofAH1
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Figure3.22 UV-Visible absorption spectra of AHEH( 1 5 ¢ M) -punmpthdwedHEPRES buffer (10
mM, pH 7.40) upon the addition of aliquots of Fe80.688 (0. 15 & M) .

A titration of AH1I-SH ( 15 eFMBQA W@ was carried outn buffered
agueous solution (pH 7.4nd monitored by UWisible absorptio gpectroscopy (Figure
3.2.2) under inert conditions. AH3H immediately bindsron to form the Fe(lll)
complexthat was previously isolated and characteri&atuation of the AH1SH ligand
occurs at about 0.5 equivalents of the iron (Il) sulfatensisert the 2:1 binding
stoichiometry.

3.2.3. Electrochemcal characterization

Electrochemical data was also obtained to compare t#i#FEe redox couple of
the Fe(AH1-H)(AH1-2H) complex with those of other iron complexes suclas
Fe(Dp44mT) and Fe(SIH) (Figure 3.23). The Fe(lll) complex of Dp44mTwhich is
known to beredox activan cells presents a reversible redox evanE:» = +0.153 V (vs

NHE) in 70:30 acetonile/watet® and &/ = -0.469 V (vs Fc/Fg in DMF, whichis
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