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Abstract

Laromustine is an experimental chemotherapeutic sulfonyl hydrazine prodrug shown in
clinical trials to be effective against acute myeloid leukemia. The mechanism of action of
laromustine involves interstrand crosslinking, via chloroethylation, and enzyme inhibition,
caused by carbamoylation. The work described herein aims to investigate whether inhibition of
the replication-dependent interstrand crosslink repair Fanconi Anemia pathway further sensitizes
cells to laromustine. By measuring metabolic activity immediately after drug exposure, we find
laromustine to be equally as cytotoxic towards Fanconi Anemia deficient and wild type cells.
However, through clonogenic assays we show Fanconi Anemia mutations sensitize cells to
laromustine’s anti-proliferative effect. Furthermore, we show curcumin, which has previously
been reported as a Fanconi Anemia pathway inhibitor, is able to induce a similar sensitization to
laromustine as observed in mutant cells. A similar effect is not observed for another reported
inhibitor, pimozide. Further research expanding on these findings could inform combination

therapies that could reduce therapeutic dose of laromustine.




Introduction

Laromustine [VNP40101M; Onrigin; Cloretazine; 1,2-bis(methylsulfonyl)-1-(2-chloroethyl)-2-
(methylamino) carbonylhydrazine] is an experimental anticancer drug developed, along with a
series of other sulfonylhydrazine DNA modifying agents, in 2001 by Alan Sartorelli in the
Pharmacology Department at the Yale University School of Medicine.! These novel compounds
were developed as alternatives to N-(2-chloroethyl)-N-nitrosoureas (CNUs). CNUs are a class of
antineoplastic agents that exhibit strong anticancer activity against brain tumors, colon cancers,
and lymphomas.>® CNUs decompose into three reactive products, a chloroethylating, a
carbamoylating, and a hydroxy ethylating species.*> The hydroxy ethylating species has been
found to a have a counterproductive effect in cells as it contributes to carcinogenesis® and to a
resistance mechanism involving tumor-cell catalyzed denitrosation.” Sulfonylhydrazines were
developed as drugs that retain the chloroethylating and carbamoylating activity, but lack the
hydroxy ethylating activity of CNUs.

Laromustine was selected from the other novel alkylating agents for further development
since it displayed significant broad-spectrum anticancer activity and therapeutic safety in
preclinical trials." Phase I trials found that laromustine exhibited significant activity against
leukemia.® Subsequent Phase III clinical trials showed treatment with laromustine in combination
with cytarabine increased the rate of complete remission from 19 % to 35 % in patients with first
relapse acute myeloid leukemia (AML) in comparison to treatment with cytarabine alone.’
However, further clinical research on laromustine was ceased because Phase III trials also found a
decreased overall patient survival rate.” Nonetheless, the increased complete remission rate
indicates further research on the biochemical mechanism of action of laromustine may provide the

potential for new drug development and cancer treatments.




Laromustine is a prodrug that yields two reactive electrophiles in sifu upon base-catalyzed
activation (Figure 1). It breaks down into a chloroethylating, DNA interstrand crosslinking species
(90CE) and a carbamoylating species (methyl isocyanate). Accessibility of laromustine analogues
possessing only chloroethylating activity (90CE) and only carbamoylating activity (101MDCE)
has allowed partitioning of laromustine’s anticancer activity into contributions from each of its
reactive subspecies.
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Figure 1. The base-catalyzed decomposition of laromustine into its two reactive subspecies: 90CE
and methyl isocyanate.

The cytotoxicity of the 90CE analogue is shown to be significantly reduced by the
expression of O%-alkylguanine-DNA alkyltransferase (AGT).!® AGT removes alkyl groups from
the O° position of guanine in DNA by transferring the alkyl group to a cysteine residue in the
active site of the protein. Therefore, the chloroethylating activity is believed to cause harmful DNA

interstrand crosslinks (ICL) via chloroethylation on the O° position of guanine. The




chloroethylated guanine forms an ICL through two sequential reactions: first an intramolecular
nucleophilic substitution results in the formation of N! O°-ethanoguanine; next this molecule
reacts with the N-3 position of the adjacent cytosine on the complementary DNA strand to yield a

G-C etyl cross-link (Figure 2). !1-13
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Figure 2. Mechanism of interstrand crosslink formation by a short-lived chloroethylating species
formed by 90CE.!*

The activity of the carbamoylating agent methyl isocyanate is less understood. However,
in vitro, the analogue possessing only carbamoylating activity, 101MDCE, has shown cytotoxicity
via modification of sulfhydryl groups on various macromolecules including proteins such as
thioredoxin reductase and DNA repair proteins uch as DNA polymerase § and AGT.!3!>-17

Previously, the ICL activity due to 90CE has been believed to be the major factor
contributing to laromustine’s antineoplastic activity.!> However, recently we have shown the
importance of laromustine’s carbamoylating activity. Using DNA microarray analyses we

demonstrated that methyl isocyanate is responsible for the majority of laromustine’s gene

dysregulation. Additionally, we used flow cytometry, PARP1 cleavage, and Caspase 3/7




experiments to find evidence that methyl isocyanate may be more critical to the activity of
laromustine than previously appreciated.

Moreover, there appears to be synergism between the activity of methyl isocyanate and
90CE, as prodrugs yielding both 90CE and isocyanates have proven to yield more DNA ICLs,
cause more apoptotic cell death, and thus to be more effective anticancer drugs, than 90CE
alone.'®!°It is proposed that this increased efficacy is a result of methyl isocyanate’s inhibition of
DNA repair protein, including AGT the protein responsible for preventing ICLs induced by 90CE
by removing alkyl groups from alkylated DNA.!3

ICLs are a highly cytotoxic form of DNA damage that induce chromosomal aberrations
and interfere with the separation of DNA strands, thus making DNA inaccessible for replication,
transcription, and repair.!” DNA damage resulting from ICLs has been widely studied within the
realm of chemotherapeutic agents. Previous research has shown that ICLs are involved in the
mechanism of action of a variety of natural compounds, such as mitomycin C, and novel
chemotherapeutic drugs, including laromustine, nitrogen mustards, nitrosoureas, and platinum-
based compounds (e.g cisplatin).?

However, chemotherapies yielding different crosslinking agents differ in the specific
mechanism with which they induce crosslinks, their nucleotide base site specificity, the number of
crosslinks they yield, and the cytotoxicity and bulk of the lesions they induce.?®?' Laromustine,
induces G-C crosslinks via 90CE induced chloroethylation at the O®-position of guanine. These G-
C crosslinks are relatively small lesions and thus it might be more difficult for DNA repair proteins
to recognize them as opposed to more bulky ones.'*

Herein, by investigating small molecule inhibitors of the Fanconi Anemia ICL repair

pathway (Figure 3), we aim to reveal mechanisms by which cells mitigate the damage caused by
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laromustine and possibly identify avenues for patient pre-screening or co-therapeutic strategies.
Since many chemotherapies induce ICL, research here may be significant in aiding the

development of combination therapies that involve any one of these crosslinking drugs.
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Figure 3. A brief overview of the ICL repair initiated by the FA pathway as described in the text. A) FANCM
recognizes a stalled replication fork at the site of an ICL induced by some endogenous or exogenous agent. B)
FANCM recruits the core complex which in turn leads to monoubiquitination of ID2 complex. Also shown
here is the process of ID2 deubiquitination catalyzed by the USP1/UAF1 complex. Curcumin is proposed the
inhibit the core complex and pimozide the USP1/UAF1 complex. C) Site specific endonucleases colocalize
with ID2-ub to perform unhooking. D) Translesion synthesis polymerases such as Revl or DNA Pol{
perform error prone replication around the unhooked crosslink, and traditional DNA replication polymerases
DNA Polé and DNA Pole on the strand that does not retain the crosslink. Not shown here are the other
replication fork associated enzymes. E) Double stranded breaks caused by unhooking are repaired by
homologous recombination to complete ICL repair and yield two daughter double helix DNA molecules.

[z



The Fanconi Anemia (FA) Pathway is a replication-dependent ICL repair pathway used to
detect and initiate ICL repair through promoting nucleotide excision repair, homologous
recombination, and trans-lesion synthesis.??> The major components of the FA pathway include
twenty-two FA proteins known as complementation groups (designated FANCA through
FANCW) and various FA-associated proteins (FAAP).?

Recognition of ICLs occurs at stalled replication forks by the anchoring complex, which
contains FANCM and FAAPs. Upon detection of ICLs, the anchoring complex recruits the
multisubunit FA core complex to the ICL. This core complex contains an enzymatic domain
containing an E3 ubiquitin ligase, FANCL, which transfers an ATP-hydrolyzed ubiquitin attached
to the E2 ubiquitin-conjugating enzyme FANCT (UBE2T) to a different complex involving
FANCD?2 and FANCI (ID2 complex), thereby monoubiquitinating ID2.

Monoubiquitination differs from the traditional polyubiquitination which is used to tag
proteins for destruction by the proteosome. Instead, monoubiquitination is a stable protein
modification like phosphorylation that acts in cell signaling, usually by altering a protein’s activity,
cellular location, or ability to form electrostatic interactions. Here, the monoubiquitination of ID2
is a key step in ICL repair which increases the ID2 complex’s affinity for chromatin, causes
colocalization of ID2 with downstream DNA repair enzymes at the ICL, and ultimately results in
DNA lesion removal and repair.?>??

The first ICL repair step initiated by monoubiquitinated ID2 is recruitment of site-specific
endonucleases (SSE) which perform ICL unhooking via nucleolytic incisions 3° and 5’ to the lesion
on one of the DNA strands. ICL unhooking uncouples the two complementary DNA strands by

removing the ICL’s covalent linkage, via the introduction of a single-stranded gap, to one of the

DNA strands. Unhooking is followed by a bypass step where translesion synthesis polymerases,




recruited by the core complex as opposed to the ubiquitinated ID2 complex, perform error prone
replication to fill in the single stranded nucleotide gap introduced by the nucleolytic incisions.
Unhooking also causes double-stranded breaks that are repaired by homologous recombination
proteins, which, like SSE, are recruited by monoubiquitinated ID2.2%222* ID2 is subsequently
deubiquitinated by the USP1-UAF1 complex. This step appears to be necessary for the completion
of ICL damage reversal, as seemingly paradoxically, although USP1 ablation increases chromatin
bound monoubiquitinated ID2, it also increases ICL sensitivity.?’

There exist a variety of well-studied inhibitors of the FA pathway. The natural product
curcumin and its analogs EF24, 4H-TTD, and MLN4924 inhibit this pathway by targeting the
FA core complex through inhibiting an adaptor protein in the complex, FANCEF. As a result of
this inhibition ID2 monoubiquitination is blocked.?%?” As one would expect, this activity of
curcumin sensitizes cells to the crosslinking chemotherapy cisplatin®® and EF24 sensitizes wild
type, but not FA deficient, cells to ICL agent mitomycin C.?’

Another potentially interesting class of FA pathway inhibitors are USP1 inhibitors,
which include pimozide, C527, and GW7647.22 Such inhibitors have been shown to inhibit K562
leukemic cell growth, decrease homologous recombination, increase ubiquitinated ID2, and
sensitize cells to interstrand crosslinking chemotherapy mitomycin C and the topoisomerase I
inhibitor camptothecin.?® Among these USP1 inhibitors, of great intrigue is the antipsychotic
pimozide which is traditionally used to treat tics caused by Tourette syndrome. Pimozide not
only has been shown to inhibit deubiquitination of the ID2 complex via USP1, but it has also
been proven to chemo sensitize via activity as a STAT-3 and STAT-5 signaling protein inhibitor
and possess tumor inhibitory activity through inhibition of Ca** calmodulin, T-type Ca**

channels, and g-receptors.?’ Given its potential to exert tumoricidal activity and to sensitize cells




to chemotherapies through both the JAK/STAT signaling pathway and the FA pathway,
pimozide is a promising candidate for combination treatment with previously established
interstrand crosslinking chemotherapies.

Several factors led us to investigate whether the FANCEF inhibitor curcumin and/or the
USP1 inhibitor pimozide induce increased sensitization to laromustine. The first factor was the
importance of the ID2 monoubiquitination/deubiquitination cycle to the completion of ICL
repair. Additionally, a contributing element was the evidence of synergism between FA pathway
inhibitors and other ICL chemotherapeutic drugs. The final determinant was the association of
inherited FA pathway deficiencies with ICL sensitivity.

Here, we used PD20 cells as a model for FANCD?2 deficiency in the FANCI-FANCD2
(ID2) complex, which as previously discussed, mediates ICL unhooking. These immortalized
fibroblast cells afe derived from a Fanconi Anemia patient deficient in FANCD2 due to biallelic
expression of mutant FANCD?2 with the paternal allele coding for FANCD2 with a single amino
acid point mutation and the maternal allele coding for a truncated form of the protein due to a
single nucleotide point mutation.*® We employed clonogenic assays to assess whether FANCD2
deficiency in PD20 fibroblasts increases cytotoxicity of laromustine. Additionally, Western blots
with FANCD?2 antibodies were employed to confirm previously reported activity of each small
molecule involved in inhibition of the ID2 monoubiquitination/deubiquitination cycle. Finally,
by measuring cytotoxicity towards retrovirally recovered FANCD2 deficient cells (PD20
RV:D2), the ability of inhibitors to increase efficacy of laromustine was assessed.

Effective combination treatments involving laromustine and FA pathway inhibitors holds
practical implications for the development of new combination therapies involving any

crosslinking therapy and these inhibitors. The ability of such inhibitors to sensitize cells to ICLs
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by increasing the yield of crosslinks for a given dose could aid in the more effective treatment of
cancers and may allow oncologists to treat cancer patients with lower doses of these cytotoxins

and thus potentially treat tumors with less severe side effects.




Material and Methods

Cell Culture

Human acute myeloid leukemia (HL60) cells were grown in RPMI-1640 medium with 0.1%
gentamycin, and 10% fetal bovine serum. Human immortalized fibroblast FANCD?2 deficient
(PD20), FANCD?2 deficient retrovirally empty (PD20 RV:E), and FANCD2 retrovirally
corrected (PD20 RV:D2) were grown in Alpha-MEM medium with 10% FBS and 1% Penicillin-
Streptomycin and maintained between 20-80% confluence. Cells were grown at 37°C with 5%
COz and 100% relative humidity. All incubations described are under these conditions unless
specified otherwise.

Metabolic Activity Assay

96 well plates were seeded with 15,000 cells/well PD20, PD20 RV:E, or PD20 RV:D2. After
incubating for 24 hr to allow cells to adhere, cells of each line were treated for 2 hr with either
100 uM laromustine, 50 uM laromustine, or equivalent volume DMSO. After equilibration of
plates to room temperature, metabolic activity of cells was quantified, according to manufacture
protocol, using a CellTiter-Glo® Luminescent Cell Viability Assay (Promega). Luminescence
was quantified using a SpectraMax M5 plate reader (Molecular Devices). Data were analyzed as
average luminescence over 48 wells and errors were measured as standard deviations.
Clonogenic Assay

Six-well plates were seeded at 4,000 cells/well with PD20, PD20 RV:E, or PD20 RV:D2 cells.
After incubating for 4 hr to allow cells to adhere, wells of each cell line were treated for 3 hr
with either 100 uM laromustine or DMSO. Media in wells were refreshed with drug-free media
and cells were incubated for 7 d. After incubation, cells were fixed and stained by incubating for

10 min with an aqueous solution of 6.0% glutaraldehyde (vol/vol) and 0.5% crystal violet




(wt/vol). Wells were then washed with water, dried at room temperature, then imaged using an
Azure c600 imaging system. The clonogenicity was quantified using the ImageJ plugin,
ColonyArea,*! which determines the percentage of the well covered by stained cells. Colony area
percentage for each laromustine treatment was then normalized for plating efficiency by dividing

each percentage by the colony area percentage from the control well of the corresponding cell

type.

Verification of Inhibitor Activity using Western Blotting
To verify previously reported inhibitors activity, 1 x 10® HL60 were incubated for 24 hr with 8
pUM curcumin, 8 uM pimozide, or equivalent volume of DMSO. Concentrations of inhibitor were
chosen based on reported ranges of concentration necessary for inhibition.?**8 Samples were
then harvested, washed with 1X phosphate buffered saline, and lysed using Pierce™ IP Lysis
Buffer with EDTA containing protease inhibitors. Prior to storage at -70 C, lysates were
concentrated via ultracentrifugation and concentrations were determined via a BCA assay.
Lysate samples were thawed and prepared for denaturing PAGE under reducing
conditions by heating. PAGE was performed using 12 ug of lysate run on a NuPAGE™ 3 to 8%,
Tris-Acetate, 1.0 mm, Mini Protein Gel with NuPAGE™ Tris-Acetate SDS Running Buffer.
Sample preparation and electrophoresis were performed according to NuPAGE® Technical
Guide.* Separated proteins were transferred to a nitrocellulose membrane via electrophoretic
transfer. Nitrocellulose membrane was incubated at room temperature with FANCD2
(1436:1451) affinity purified rabbit polyclonal primary antibody at a concentration of 1 ug/mL.
Membranes were then incubated at room temperature with Pierce® Fast Western Rabbit

Optimized HRP Reagent and subsequently washed and incubated with Pierce® SuperSignal




West Dura Luminol/Enhancer Solution and SuperSignal West Stable Peroxide Solution at 1:1.
An Azure c¢600 Imaging system was used to image resulting chemiluminescence.
Efficacy of Combination Treatment

To investigate the ability of curcumin and pimozide to sensitize cells to laromustine, 6
well plates were seeded at 4,000 cells/well PD20, PD20 RV:E, or PD20 RV:D2. After incubating
for 4 hr to allow cells to adhere, cells were treated for 3 hr with 100 uM laromustine with 10 uM
pimozide, 100 uM laromustine with 10 uM curcumin, or DMSO. After drug incubation, medié
was refreshed, and cells were incubated for 7 d. After incubation, staining/fixing of cells and
quantification of colonies via ColonyArea plugin was performed as described above for the

clonogenic assay.




Results

FANCD2 deficiency does not initially sensitize cells to laromustine treatment.

To investigate whether FANCD?2 deficiency causes an increased cytotoxic effect of
laromustine, a metabolic activity assay measuring ATP content of cell samples was performed.
To quantify drug induced cell death, ATP content of cells immediately after 3 hr exposure to
laromustine was measured and normalized relative to ATP content cells of the same line treated
with DMSO. No difference was observed between the FANCD2 mutant PD20 and retrovirally
recovered RV:D2 cells (Figure 4). Furthermore, independent of concentration, metabolic
activity, relative to DMSO treated cells of the same lineage, was approximately 1.0. Therefore,
laromustine exhibits little cytotoxicity towards either cell lines. We conclude that laromustine is
largely ineffective at least in the short term at inducing cell death in immortalized fibroblast cells

regardless of the presence of fully functional FANCD?2.

® RV:D2 mPD20

Relative Metabolic Activity
(ATP Production relative to DMSO
edc

50 uM 100 uM

Concentration Laromustine

Figure 4. ATP production, relative to DMSO control of the same cell line, of FANCD2 mutant
PD20 and retrovirally recovered PD20 RV:D2 cells immediately following 3 hr treatment with

50 or 100 uM laromustine.




FANCD2 mutation causes decreased clonogenicity following laromustine treatment.

Since the Fanconi Anemia deficiencies are expected to increase laromustine cytotoxicity
due to formation of lethal ICLs, it is possible that increased efficacy might be more apparent in
clonogenicity of cells. To investigate the possibility of increased anti-proliferative effect, after 3
hr exposure to 100 uM laromustine, cells seeded at low density were allowed to grow for 7 d and
the area of wells covered by colonies normalized to the area of wells covered by untreated cells

was quantified using the ImageJ plugin ColonyArea.3!
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Figure 5. Clonogenicity of cells from each line after 3 hr exposure to 100 uM laromustine.
Clonogenicity is quantified using crystal violet staining. Values are reported as fraction of the
well colonized after 7 d incubation by cells in the treatment group normalized by the fraction of
well area colonized in wells seeded with untreated cells of the same cell line. Cell lines are as
follows: PD20 are the FANCD2 mutant immortalized fibroblasts, RV:D2 cells are the
retrovirally recovered PD20 cells, and RV:E are the PD20 cells with a retrovirally empty
plasmid.

As seen in Figure 5, FANCD2 mutant PD20 cells exhibit a decreased ability to form
colonies as compared to the retrovirally recovered RV:D2 cells. The FANCD2 mutant RV:E

cells with an empty retrovirally introduced plasmid have a further reduced clonogenicity.




However, this indicates that wild type FANCD2 cells may be more clonogenic than is observed
for the retrovirally corrected PD20 RV:D2 cells. Therefore, the discrepancy in anti-proliferative
effect between cells with endogenously functioning FANCD2 genes and those with mutant

FANCD?2 genes might be greater than is observed here.

ID2 Ubiquitination State in Inhibitor Treated Cells.

Next, to investigate the effect of curcumin and pimozide on FANCD?2 ubiquitination,
Western blotting with anti-FANCD?2 antibodies of HL60 leukemia cells treated with and without
inhibitor was performed. We expected to observe two bands in each lane: one corresponding to
deubiquitinated FANCD2 and the other to ubiquitinated FANCD2-ub. Based on the previously
reported FANCD2 ubiquitination inhibitory activity of curcumin,?%?’ we hypothesized that the
proportion of FANCD2-ub: FANCD?2 in curcumin treated cells would be decreased relative to
DMSO-treated control. Alternatively, since pimozide has been shown to inhibit FANCD2-ub
deubiquitination,?®? we theorized the ratio of FANCD2-ub:FANCD?2 in pimozide treated cells
. would be increased. However, no second higher molecular weight band was found in either of
the treatments nor the control (Figure 6). We conclude that the Western blot protocol used herein
requires optimization to prevent degradation of post-translational modifications during lysis or

sample prep.
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Figure 6. Deubiquitinated FANCD2 and ubiquitinated FANCD2-ub protein levels in HL60 cells
treated with previously reported ubiquitination/deubiquitinating cycle inhibitors pimozide or
curcumin.

Curcumin, but not pimozide, recovers decreased clonogenicity found in FANCD2 mutant
cells following laromustine treatment.

Despite our inability to verify inhibition by curcumin and pimozide, to not disregard the
previously reported activity,?5?° we again utilized clonogenic assays to investigate whether the
reported inhibitors could sensitize wild type FANCD?2 cells to laromustine. We aimed to see if
combination treatment of retrovirally recovered cells would recover the increased anti-

proliferative effect of laromustine in FANCD2 mutant cells.

As seen in Figure 7, combination treatment with pimozide did not affect laromustine’s
anti-proliferative efficacy. In particular, pimozide did not reduce discrepancy in clonogenicity
between laromustine treated FANCD2 mutant PD20 and recovered RV:D2 cell lines. This could
indicate the previously reported deubiquitinating inhibitory activity of pimozide was not
replicated in our studies or that having FANCD?2 constituently in the monoubiquitinated state
does not interfere with ICL repair. It is possible that when FANCD2 is unable to be

deubiquitinated, cells upregulate expression to synthesize new proteins in response to ICL stress.
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Figure 7. Clonogenicity of FANCD?2 deficient PD20, retrovirally recovered RV:D2, and
retrovirally empty RV:E cells following 3 hr treatment with 100 uM laromustine in combination
with 10 uM pimozide. Clonogenicity is quantified by crystal violet staining after 7 d incubation
and values are reported as normalized to untreated controls of the same line. Data from
laromustine alone (Figure 5) is also shown for comparison.

On the other hand, curcumin sensitized cells to laromustine (Figure 8). Curcumin
combination treatment caused a drastic reduction in the clonogenicity of PD20 RV:D2 and PD20
cells. Since the reduction was observed in both FANCD2 mutant cells and retrovirally recovered
cells, it is possible that sensitization is working through a mechanism other than inhibition of
FANCD?2 ubiquitination. However, another rationale is that the minimal activity of the mutant
FANCD?2 protein in the PD20 cells is further reduced by curcumin. It is important to note
however, that these findings are preliminary and need to be replicated to verify and understand

the error in the measurements.
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Figure 8. A) Normalized fraction of wells covered by colonies for FANCD2 deficient PD20,
retrovirally recovered RV:D2, and retrovirally empty RV:E cells following 3 hr treatment with
laromustine in combination with curcumin and 7 d incubation. In set shows combination
treatment results plotted on the same axis as laromustine alone.
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Discussion

As a result of these studies, we have shown that decreased activity of FANCD2 sensitizes
cells to laromustine’s anti-proliferative effect. We also find that sensitization does not reveal
itself in an immediate cytotoxic effect. We propose therefore that FA deficiencies will only
reveal themselves once ICLs are able to interfere with DNA replication. Furthermore, we have
found that in cells able to express fully functioning FANCD2 protein, curcumin, but not
pimozide, is able to recover the increased anti-proliferative effect of laromustine. We hypothesis
that this increased efficacy is a result of curcumin’s ability to inhibit FANCD2 ubiquitination.?’
Unfortunately, our Western blots were unable to confirm this inhibitory activity. Optimization of
our lysate handling to prevent degradation of the monoubiquitin post translational modification
during lysis or sample prep is required to verify inhibitory activity.

These results are promising as they indicate combination treatments that could reduce the
therapeutic dose of laromustine and other bifunctional alkylating agents. The ability to treat
malignant tumors with lower chemotherapy dosages can mitigate the severity of the adverse side
effects intrinsic to such therapies. Therefore, future research focused on combination treatment
with curcumin is.

This project lends itself to clear next steps. First our clonogenic results should be
replicated and the ability of combination treatment to act synergistically to reduce cancer
proliferation should be tested in cancer cell lines. Next, the ability of curcumin to reduce the
LD50 of laromustine should be investigated by generating a dose-response curve in leukemia
cells. Finally, measurements of ICLs would reveal if the increased anti-proliferative effect in

FANCD2 mutant and wild type FACND?2 cells treated with curcumin is a result of increased ICL
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yield. Potential routes to determine ICLs include thermal melt experiments, Alkaline Comet

Assay, or cytogenetics.33 3




References

(4)

(5)

(6)

(7)

(9)

(10)

(11)

(12)

(13)

Shyam, K.; Penketh, P. G.; Loomis, R. H.; Rose, W. C.; Sartorelli, A. C. Antitumor 2-
(Aminocarbonyl)-1,2-Bis(Methylsulfonyl)-1-(2-Chloroethyl)-Hydrazines; 1996.

Fewer, D.; Wilson, C. B.; Boldrey, E. B.; Enot, J. K. Phase Il Study of 1-(2-Chloroethyl)-3-
Cyclohexyl-1-Nitrosourea (CCNU; NSC-79037) in the Treatment of Brain Tumors. Cancer
Chemother. reports 1972, 56 (3), 421-427.

De Vita, V. T.; Carbone, P. P.; Owens, A. H. J.; Gold, G. L.; Krant, M. J.; Edmonson, J.
Clinical Trials with 1,3-Bis(2-Chloroethyl)-1-Nitrosourea, NSC-409962. Cancer Res. 1965,
25 (11), 1876-1881.

Montgomery, J. A.; Mccaleb, G. S.; Kirk, M. C.; Johnston, T. P.; James, R. Decomposition
of N-(2-Chloroethyl)-N-Nitrosoureas in Aqueous Media. J. Med. Chem. 1975, 18 (6), 568—
571. https://doi.org/10.1021/jm00240a007.

Montgomery, J. A.; James, R.; McCaleb, G. S.; Johnston, T. P. The Modes of
Decomposition of 1, 3-Bis(2-Chloroethyl)-1-Nitrosourea and Related Compounds. J. Med.
Chem. 1967, 10 (4), 668-674. https://doi.org/10.1021/jm00316a033.

Swenson, D. H.; Frei, J. V.; Lawley, P. D. Synthesis of 1-(2-Hydroxyethyl)-1-Nitrosourea
and Comparison of Its Carcinogenicity with That of 1-Ethyl-1-Nitrosourea. J. Natl. Cancer
Inst. 1979, 63 (6), 1469-1473. https://doi.org/10.1093/jnci/63.6.1469.

Egyhazi, S.; Hansson, J.; Ringborg, U. Contribution of Glutathione Transferase M3-3 to
1,3-Bis(2-Chloroethyl)-1-Nitrosourea Resistance in a Human Non-Small Cell Lung Cancer
Cell Line. Cancer Res. 1993, 53 (18), 4257-4261.
F.,G,;S,Vv,;D,T,;S,G,;J.,C;S,F;A,F;F,R,;S,K,;G.,G.-M;E, J.;S., 0.; V., K; A, C.;
K,Y.; M., A.;M.,S.; H., K. Phase | Study of Cloretazine (VNP40101M), a Novel
Sulfonylhydrazine Alkylating Agent, Combined with Cytarabine in Patients with
Refractory Leukemia. Clinical Cancer Research. 2005.

Giles, F.; Vey, N.; DeAngelo, D.; Seiter, K.; Stock, W.; Stuart, R.; Boskovic, D.; Pigneux, A.;
Tallman, M.; Brandwein, J.; Kell, J.; Robak, T.; Staib, P.; Thomas, X.; Cahill, A.; Albitar, M.;
O’Brien, S. Phase 3 Randomized, Placebo-Controlled, Double-Blind Study of High-Dose
Continuous Infusion Cytarabine Alone or with Laromustine (VNP40101M) in Patients with
Acute Myeloid Leukemia in First Relapse. Blood 2009. https://doi.org/10.1182/blood-
2009-06-229351.

Ishiguro, K.; Shyam, K.; Penketh, P. G.; Sartorelli, A. C. Role of O 6-Alkylguanine-DNA
Alkyltransferase in the Cytotoxic Activity of Cloretazine. Mol Cancer Ther 2005, 4 (11),
1755-1763. https://doi.org/10.1158/1535-7163.MCT-05-0169.

Penketh, P. G.; Shyam, K.; Sartorelli, A. C. Comparison of DNA Lesions Produced by
Tumor-Inhibitory 1,2- Bis(Sulfonyl)Hydrazines and Chloroethylnitrosoureas. Biochem.
Pharmacol. 2000. https://doi.org/10.1016/S0006-2952(99)00328-7.

Penketh, P. G.; Shyam, K.; Zhu, R.; Baumann, R. P.; Ishiguro, K.; Sartorelli, A. C. Influence
of Phosphate and Phosphoesters on the Decomposition Pathway of 1,2-
Bis(Methylsulfonyl)-1-(2-Chloroethyhydrazine (90CE), the Active Anticancer Moiety
Generated by Laromustine, KS119, and KS119W. Chem. Res. Toxicol. 2014, 27 (5), 818—
833. https://doi.org/10.1021/tx500004y.

Penketh, P. G.; Shyam, K.; Baumann, R. P.; Remack, J. S.; Brent, T. P.; Sartorelli, A. C. 1,2-




(14)

(15)

(16)

(17)

(18)

(19)

(20)

(21)

(22)

(23)

(24)

Bis(Methylsulfonyl)-1-(2-Chloroethyl)-2-[(Methylamino)Carbonyl]Hydrazine
(VNP40101M): I. Direct Inhibition of O 6 -Alkylguanine-DNA Alkyltransferase (AGT) by
Electrophilic Species Generated by Decomposition. Cancer Chemother. Pharmacol. 2004,
53 (4), 279-287. https://doi.org/10.1007/s00280-003-0740-7.

Penketh, P. G.; Baumann, R. P.; Ishiguro, K.; Shyam, K.; Seow, H. A.; Sartorelli, A. C.
Lethality to Leukemia Cell Lines of DNA Interstrand Cross-Links Generated by Cloretazine
Derived Alkylating Species. Leuk. Res. 2008, 32 (10), 1546—1553.
https://doi.org/10.1016/j.leukres.2008.03.005.

Frederick, A. M.; Davis, M. L.; Rice, K. P. Inhibition of Human DNA Polymerase B Activity
by the Anticancer Prodrug Cloretazine. Biochem. Biophys. Res. Commun. 2009.
https://doi.org/10.1016/j.bbrc.2008.11.042.

Ji, W.; Yang, M.; Praggastis, A.; Li, Y.; Zhou, H. J.; He, Y.; Ghazvinian, R.; Cincotta, D. J.;
Rice, K. P.; Min, W. Carbamoylating Activity Associated with the Activation of the
Antitumor Agent Laromustine Inhibits Angiogenesis by Inducing ASK1-Dependent
Endothelial Cell Death. PLoS One 2014, 9 (7).
https://doi.org/10.1371/journal.pone.0103224.

Rice, K. P.; Klinkerch, E. J.; Gerber, S. A.; Schleicher, T. R.; Kraus, T. J.; Buros, C. M.
Thioredoxin Reductase Is Inhibited by the Carbamoylating Activity of the Anticancer
Sulfonylhydrazine Drug Laromustine. https://doi.org/10.1007/s11010-012-1411-y.
Baumann, R. P.; Seow, H. A; Shyam, K.; Penketh, P. G.; Sartorelli, A. C. The Antineoplastic
Efficacy of the Prodrug Cloretazine™ Is Produced by the Synergistic Interaction of
Carbamoylating and Alkylating Products of Its Activation. Oncol. Res. 2005.
https://doi.org/10.3727/096504005776404553.

Ishiguro, K.; Seow, H. A.; Penketh, P. G.; Shyam, K.; Sartorelli, A. C. Mode of Action of the
Chloroethylating and Carbamoylating Moieties of the Prodrug Cloretazine. 2006.
https://doi.org/10.1158/1535-7163.MCT-05-0532.

Lopez-Martinez, D.; Liang, C. C.; Cohn, M. A. Cellular Response to DNA Interstrand
Crosslinks: The Fanconi Anemia Pathway. Cellular and Molecular Life Sciences. Birkhauser
Verlag AG August 1, 2016, pp 3097—3114. https://doi.org/10.1007/s00018-016-2218-x.
Hopkins, P. B.; Millard, J. T.; Woo, J.; Weidner, M. F.; Kirchner, J. J.; Sigurdsson, S. T.;
Raucher, S. Sequence Preferences of DNA Interstrand Cross-Linking Agents: Importance
of Minimal DNA Structural Reorganization in the Cross-Linking Reactions of
Mechlorethamine, Cisplatin and Mitomycin C. Tetrahedron 1991, 47 (14—15), 2475-2489.
https://doi.org/10.1016/50040-4020(01)81782-8.

Bhattacharjee, S.; Nandi, S. DNA Damage Response and Cancer Therapeutics through the
Lens of the Fanconi Anemia DNA Repair Pathway. Cell Communication and Signaling.
BioMed Central Ltd. October 10, 2017, pp 1-10. https://doi.org/10.1186/512964-017-
0195-9.

Niraj, J.; Farkkild, A.; D’Andrea, A. D. The Fanconi Anemia Pathway in Cancer. Annual
Review of Cancer Biology. Annual Reviews Inc. 2019, pp 457-478.
https://doi.org/10.1146/annurev-cancerbio-030617-050422.

Ide, H.; Shoulkamy, M. I.; Nakano, T.; Miyamoto-Matsubara, M.; Salem, A. M. H. Repair
and Biochemical Effects of DNA-Protein Crosslinks. Mutation Research - Fundamental
and Molecular Mechanisms of Mutagenesis. June 3, 2011, pp 113-122.




(25)

(26)

(27)

(28)

(29)

(30)

(31)

(32)

(33)

(34)

(35)

https://doi.org/10.1016/j.mrfmmm.2010.12.007.

Oestergaard, V. H.; Langevin, F.; Kuiken, H. J.; Pace, P.; Niedzwiedz, W.; Simpson, L. J.;
Ohzeki, M.; Takata, M.; Sale, J. E.; Patel, K. J. Deubiquitination of FANCD2 Is Required for
DNA Crosslink Repair. Mol. Cell 2007, 28 (5), 798-809.
https://doi.org/10.1016/j.molcel.2007.09.020.

Chirnomas, D.; Taniguchi, T.; De La Vega, M.; Vaidya, A. P.; Vasserman, M.; Hartman, A.
R.; Kennedy, R.; Foster, R.; Mahoney, J.; Seiden, M. V.; D’Andrea, A. D.
Chemosensitization to Cisplatin by Inhibitors of the Fanconi Anemia/BRCA Pathway. Mol.
Cancer Ther. 2006, 5 (4), 952-961. https://doi.org/10.1158/1535-7163.MCT-05-0493.
Landais, I.; Hiddingh, S.; McCarroll, M.; Yang, C.; Sun, A.; Turker, M. S.; Snyder, J. P.;
Hoatlin, M. E. Monoketone Analogs of Curcumin, a New Class of Fanconi Anemia
Pathway Inhibitors. Mol. Cancer 2009, 8, 133. https://doi.org/10.1186/1476-4598-8-133.
Mistry, H.; Hsieh, G.; Buhrlage, S. J.; Huang, M.; Park, E.; Cuny, G. D.; Galinsky, I.; Stone,
R. M.; Gray, N. S.; D’andrea, A. D.; Parmar, K. Small-Molecule Inhibitors of USP1 Target
ID1 Degradation in Leukemic Cells. 2013. https://doi.org/10.1158/1535-7163.MCT-13-
0103-T.

Elmaci, I.; Altinoz, M. A. Targeting the Cellular Schizophrenia. Likely Employment of the
Antipsychotic Agent Pimozide in Treatment of Refractory Cancers and Glioblastoma.
Critical Reviews in Oncology/Hematology. Elsevier Ireland Ltd August 1, 2018, pp 96—109.
https://doi.org/10.1016/j.critrevonc.2018.06.004.

Timmers, C.; Taniguchi, T.; Hejna, J.; Reifsteck, C.; Lucas, L.; Bruun, D.; Thayer, M.; Cox,
B.; Olson, S.; D’Andrea, A. D.; Moses, R.; Grompe, M. Positional Cloning of a Novel
Fanconi Anemia Gene, FANCD2. Mol. Cell 2001, 7 (2), 241-248.
https://doi.org/10.1016/51097-2765(01)00172-1.

Guzman, C.; Bagga, M.; Kaur, A.; Westermarck, J.; Abankwa, D. ColonyArea: An Image)
Plugin to Automatically Quantify Colony Formation in Clonogenic Assays. PLoS One 2014,
9 (3), e92444. https://doi.org/10.1371/journal.pone.0092444.

NuPAGE ® Technical Guide General Information and Protocols for Using the NuPAGE ®
Electrophoresis System; 2010.

Wu, J. H.; Jones, N. J. Assessment of DNA Interstrand Crosslinks Using the Modified
Alkaline Comet Assay. Methods Mol. Biol. 2012, 817, 165-181.
https://doi.org/10.1007/978-1-61779-421-6_9.

Shimamura, A.; De Oca, R. M.; Svenson, J. L.; Haining, N.; Moreau, L. A.; Nathan, D. G.;
D’Andrea, A. D. A Novel Diagnostic Screen for Defects in the Fanconi Anemia Pathway.
Blood 2002, 100 (13), 4649-4654. https://doi.org/10.1182/blood-2002-05-1399.
Penketh, P. G.; Shyam, K.; Sartorelli, A. C. Fluorometric Assay for the Determination of
DNA-DNA Cross-Links Utilizing Hoechst 33258 at Neutral PH Values. Anal. Biochem. 1997,
252 (1), 210-213. https://doi.org/10.1006/abio.1997.9996.

26 )

—



	Use of Small Molecule Fanconi Anemia Pathway Inhibitors as Sensitizing Agents to Laromustine.
	Recommended Citation

	Thesis_SWM.pdf

