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Abstract 

Prostatic luminal epithelial cells secrete polyamines into the lumen at a uniquely high rate. This 

leads to a metabolic demand to replenish metabolites used up during that process. To support 

this, there is increased flux through connecting metabolic pathways which makes the cells 

vulnerable to disruption of those pathways. Spermidine/spermine N
1
-acetyltransferase (SSAT) is 

a major driver of this flux as it acetylates polyamines prior to their secretion. To overcome the 

strain put on the system due to increased polyamine biosynthesis, cells recycle the one-carbon 

unit, 5’-methythioadenosine (MTA), back into the methionine cycle to replenish S-

adenosylmethionine (SAM) pools via the methionine salvage pathway (MSP). The rate-limiting 

enzyme of the MSP is methythioadenosine phosphorylase (MTAP). We target this metabolic 

vulnerability through a novel combination approach. To exacerbate the enhanced polyamine 

metabolism of these cells, we use the polyamine analogue N
1
,N

11
-bisethylnorspermine 

(BENSpm) which binds and stabilizes SSAT. We also utilize Methylthio-DaDMe-Immucillin-A 

(MTDIA), a transition state analogue inhibitor of MTAP. Our combination induces a metabolic 

crisis resulting in an anti-proliferative effect which progresses into a cytotoxic effect over 

prolonged treatment. Another way cells can relieve stress of the increased polyamine 

biosynthesis is through polyamine catabolism. Spermine oxidase (SMOX) converts acetylated 

spermine into its precursor, spermidine. Peroxisomal N(1)-acetyl-spermine/spermidine oxidase 

(PAOX) cleaves acetylated polyamines into their non-acetylated precursors. These reactions 

generate reactive oxygen species (ROS) which can be toxic to the cell at certain thresholds, as 

well as impact downstream transcription of genes involved in redox balance. We observed that 

the combination of BENSpm and MTDIA upregulates the activity and transcription of the 

catabolic enzymes. This leads to increased levels of ROS accumulation and decreased levels of 
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proliferation in both androgen-sensitive and androgen-independent cells. We also determined 

that the ROS accumulated in response to our combination treatment was responsible for the anti-

proliferative effect. Overexpression of thioredoxin reductase 2 (TXRND2), an enzyme 

responsible for clearing mitochondrial ROS, reduced levels of intracellular hydrogen peroxide 

(H2O2) and rescued proliferation in the androgen-independent setting. While TXNRD2 

overexpression failed to reduce intracellular H2O2 or rescue proliferation in androgen sensitive 

cells treated with our combination therapy, when treated with hydrogen peroxide at low 

concentrations, we observed partial ROS reduction and rescue of proliferation. We also observed 

that both our combination treatment and androgen status regulate the cellular response to 

oxidative stress via nuclear factor erythroid 2 (NFE2)-related factor 2 (Nrf2) transcription and 

transcription of its targets in the antioxidant response axis. 
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1.1 Prostate Cancer 

Prostate cancer is the second most common cancer in men globally as of 2016.
1 

It also has the 

2
nd 

highest cancer mortality in the US as of 2015, despite a decrease in age-adjusted mortality.
2 

Worldwide, prostate cancer is the fifth leading cause of death in men (6.6%). It is also known 

that incidence and mortality rates are higher in lesser developed regions.
3 

Since the FDA 

approved the broad use PSA screening as a diagnosis aid for prostate cancer in 1994, there has 

been an increase in men diagnosed with earlier staged, localized disease as well as a 39% 

reduction in overall mortality from prostate cancer. 
4-6 

According to the National Comprehensive 

Cancer Network (NCCN) guidelines for prostate cancer, very low (Stage T1c, Gleason score ≤ 6, 

PSA < 10 ng/mL, fewer than 3 positive biopsy cores, and life expectancy of 10-20 years) and 

low-risk (Stage T1-2a, Gleason Score ≤ 6, PSA < 10 ng/mL, and greater than 10 year life 

expectancy) prostate cancers are recommended to be managed via active surveillance or local 

therapies like radiation and surgery (radical prostatectomy).
7-8 

Unfortunately, one in three 

patients experience biochemical recurrence and develop metastatic disease after radical 

prostatectomy. 
9 

Androgen deprivation therapy (ADT) is standard of care for metastatic prostate 

cancer. ADT targets the androgen signaling pathway and is initially efficacious with 

10-11 
approximately 80% of patients experiencing remission. However, ADT is only considered 

palliative as a majority of those patients recur, developing what is known as castration resistant 

prostate cancer (CRPC). ADT as a therapy is also not without its flaws, specifically long-term 

cardiovascular and metabolic risks.
10 

CRPC is a more aggressive form with no current curative 

treatments available.
12 

Due to the pervasive nature of CRPC post-ADT, a primary objective of 

current research is to identify and develop treatments for metastatic and castration-resistant 

prostate cancer. 

2 
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One way to accomplish this objective is to develop a therapy that is both specific to prostate cells 

and with little to no toxic effects on surrounding tissues. To do this, one must take advantage of 

features that only prostate cells share. Interestingly, prostatic luminal epithelial cells have the 

highest amount of polyamine metabolism compared to any other organ or cell type in humans. 

Polyamine metabolism in the prostate is approximately five times higher than the pancreas and 

13-14 
ten times higher than the liver. It is well-established that the prostate secretes very high levels 

of acetylate polyamines into the prostatic lumen, and that these polyamines are a major 

component of prostatic fluid. Polyamines are small organic molecules that are positively 

charged. Putrescine, spermidine, and spermine are the three seen in mammals, their structures are 

depicted in Figure 1.
15 

Polyamines are present in all eukaryotic cells and are essential for many cellular processes like 

15-17 
proliferation, DNA stability, transcriptional regulation, and membrane integrity. To 

demonstrate their significance, Ornithine Decarboxylase 1 (ODC1), a key rate-limiting enzyme 

in their biosynthesis, was knocked out in mice and resulted in embryonic lethality.
18 

Polyamine metabolism is a highly complex process with an intricate network of connected 

pathways producing metabolites essential to cell function. However, the disruption and 

dysregulation frequently seen in the metabolism of cancer cells makes polyamine metabolism an 

intriguing target for development of therapy specific to prostate cells. The role of androgen is 

also important to this process. In muscle, androgens regulate expression of polyamine 

biosynthetic genes to promote growth.
19 

The same genes were shown to be regulated by 

20-21 
androgens in the prostate and seminal vesicles of rats. It is also known that the presence of 

androgen is extremely important for proper development of the normal prostate, as androgen is 

3 
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Figure 1: The chemical structure of the three main polyamines seen in mammals: putrescine, 

spermidine, and spermine. 

22-23 
needed for prostate cell growth and terminal differentiation of the luminal epithelial cells. 

Also, the previously mentioned ODC1 is known to be upregulated via the androgen receptor 

binding to its promoter. 
24 

ODC1’s upregulation leads to an increase in the biosynthesis of 

polyamines, allowing for the exquisitely high amount of produced and exported acetylated 

polyamines as an end product of polyamine metabolism. The uniquely high rate with which the 

prostate cells produce and export polyamines leads to a metabolic demand to replenish the 

metabolites used up during that process. Consequently, there is increased flux through the 

connecting metabolic pathways, one-carbon metabolism and the methionine cycle, to support the 

biosynthesis of more polyamines to further ensure proper cell function. Increased flux through 

those pathways places strain on involved metabolites produced in these pathways, also crucial to 

cell function. This strained system, unique to only prostate cells, makes an interesting target for 

novel therapies as any disruption or dysregulation to an already taxed system could negatively 

impact cellular metabolism. Furthermore, cancer cells already have stressed metabolic pathways 
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due to changes in cellular energetics, and the relatively high rate of proliferation which puts 

demands on pathways needed to produce proteins, nucleic acids, and membranes. Given this 

strained scenario, one might predict that therapeutically targeting a metabolic pathway uniquely 

stressed in prostate might target toxicity to only prostate cancer cells with little toxicity to 

surrounding areas or organs which have more stable metabolic systems, and less inherent strain 

on polyamine metabolism. 

1.2 Polyamine Biosynthesis and Metabolism 

Due to the essential nature of polyamines along with the complexity of the interconnecting 

metabolic pathways, polyamine biosynthesis is strictly regulated. The pathway employs feedback 

loops, as well as transcriptional, and post-translational means of regulation. The biosynthetic 

pathway, along with relevant connecting pathways are diagrammed in figure 2. 

The first step of polyamine biosynthesis involves the conversion of ornithine to putrescine. The 

enzyme that catalyzes this conversion is ODC1. ODC1, a rate-limiting enzyme, is regulated at 

transcriptional, post-transcriptional, and post-translational levels.
25 

Next, putrescine is converted 

into spermidine via the addition of an aminopropyl group donated from a molecule of 

decarboxylated s-adenosylmethionine (dcSAM). This reaction is catalyzed by spermidine 

synthase (SRM).
26 

Next, spermidine is converted into spermine. This conversion occurs the same 

way as the putrescine-to-spermidine conversion. A second aminopropyl group is donated from a 

second molecule of dcSAM. This conversion is catalyzed by spermine synthase (SMS).
26 

dcSAM is generated in the decarboxylation of S-adenosylmethionine (SAM) catalyzed by 

another rate-limiting enzyme in polyamine biosynthesis, S-adenosylemethionine decarboxylase 1 

(AMD1).
27 

From the biosynthetic reactions producing spermidine and spermine, a by-product, 

5’-methylthioadenosine (5-MTA), is produced as the aminopropyl group from dcSAM is 

5 
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donated.
25 

5-MTA, which retains the one-carbon unit from SAM, is recycled into methionine via 

the function of another rate-limiting enzyme, methylthioadenosine phosphorylase (MTAP). 

MTAP is essential in this recycling. When comparing SF-172, a MTAP-negative glioblastoma 

cell line, to a MTAP-reconstituted SF-172 cell line, increased levels of intracellular 5-MTA were 

observed in the MTAP-negative SF-172cell line.
28 

In this Methionine Salvage Pathway (MSP), 

MTAP facilitates the replenishment of methionine. Methionine is converted into SAM for 

polyamine biosynthesis in a reaction catalyzed by methionine adenosyltransferase 1 and 2 

(MAT1A and MAT2A). 5-MTA is known to induce end-product inhibition on SRM and SMS.
29 

A buildup of 5-MTA would lead to a halt in polyamine biosynthesis as it is and end-product 

inhibitor of noth SRM and SMS. This has been shown to be an inhibitor of cell growth.
30 

To 

prevent this and to also maintain the required high levels of polyamine biosynthesis, 5’-MTA can 

be passively diffused out of the cell if it is not being salvaged. Given that 5-MTA retains the one-

carbon unit that was initially taken from the methionine cycle, the status of the methionine 

salvage pathway, and specifically the status of the rate-limiting enzyme MTAP, is critical to cells 

6 
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with high rates of polyamine biosynthesis. It is known that MTAP is frequently lost in certain 

cancer types due to its proximity to p16 on chromosome 9, an important tumor suppressor 

31-36 
deleted in many cancer types. However, using the TCGA provisional dataset, only 8 of 492 

(1.6%) prostate adenocarcinoma cases had deletions of MTAP.
37 

In metastatic prostate cancer, 

using the Stand Up to Cancer/Prostate Cancer Foundation DreamTeam study, 1 out of 150 total 
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sequenced cases (0.7%) had an MTAP deletion.
38 

Of 9 publically available datasets in prostate 

cancer, MTAP was deleted in 0.9%, or 14 of 1543 total cases. 
39 

We have also demonstrated that 

not only is MTAP retained in prostate cancer cell lines regardless of AR status or sensitivity, but 

also in almost all prostate cancer samples tested from patients in a TMA.
39 

Unlike prostate 

cancer, other cancer types have much higher rates of MTAP deletion. For example, using the 

TCGA Glioblastoma data set, 123 of 281 cases (44%) contained an MTAP deletion.
40 

This is 

also true in lung squamous cell carcinoma where 133 of 622 total cases (21%) from all relevant 

data sets have an MTAP deletion, via http://www.cbioportal.org/index.do. The preferential 

retention of MTAP in prostate cancer compared to other cancer types suggests that MTAP, and 

further, the MSP is essential to maintaining the high amount of metabolic flux through 

polyamine biosynthesis. The essential nature of the MSP has been previously explored in LNCaP 

cells where MTAP knockdown resulted in growth inhibition in vitro and in vivo.
39 

Prior to being exported into the lumen of the prostate, both spermidine and spermine are 

acetylated by spermidine/spermine N1-acetyletransferase 1 (SSAT).
41 

SAT1, the gene encoding 

the SSAT enzyme. This activity is highly inducible and is impacted by various factors such as 

26,42 
polyamine levels (and their analogues), hormones, and cell stress stimuli. The acetylation of 

polyamines is irreversible. However, two catabolic enzymes are involved in the back-conversion 

of acetyl-spermine to spermidine, acetyl-spermidine to putrescine, and spermine to spermidine. 

The reactions are shown in figure 3. Polyamine oxidase (PAOX) is responsible for the cleavage 

of the acetylated polyamines into their non-acetylated precursors. The back-conversion reactions 

produce the polyamine, an aldehyde, and a molecule of hydrogen peroxide. PAOX is 

constitutively expressed and its activity is dependent on the availability of substrate produced by 

SSAT.
26 

Spermine oxidase (SMOX) is a cytosolic enzyme that catalyzes the catabolism of non-

8 

https://SSAT).41
http://www.cbioportal.org/index.do
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acetylated spermine into its precursor, spermidine.
26 

This reaction also results in an aldehyde and 

a molecule of hydrogen peroxide. Unlike the constitutively expressed PAOX, SMOX is highly 

inducible.
43 

It is also known that the presence of hydrogen peroxide can induce SAT1 and lead to 

an increase in polyamine acetylation.
44 

This can act as a feed-forward loop as these acetylated 

polyamines serve as substrates for PAOX. 

Although the process of polyamine import and export is not well understood, one transporter, 

Solute Carrier Family 3 Member 2 (SLC3A2) has been found to co-localize with SSAT and 

export acetylated spermine, acetylated spermidine, and putrescine. Along with the export of 

acetylated polyamines, arginine is imported in exchange.
45 

Arginine is a precursor of ornithine, 

and thus a crucial precursor for polyamine biosynthesis.
46 

Even though SLC3A2 is the only 

transporter that has been shown to export polyamines, other SLC family members are thought to 

carry out comparable roles. For example, hCT2, encoded by the SLC22A16 gene, is also 

considered a high affinity transporter involved in polyamine uptake.
47 

9 
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In order to fully understand how flux through polyamine biosynthesis could add strain to the cell, 

it is also important to consider connected pathways that feed into both polyamine metabolism 

and the methionine cycle. These pathways either provide the vital metabolites that allow prostate 

cells to maintain high flux through polyamine metabolism or compete for the same metabolites 

for other vital cellular processes. One-carbon metabolism is one important metabolic pathway 

connected to the methionine cycle. One-carbon metabolism not only produces an intermediate 

which facilitates the production of methionine via donation of a methyl-group, but also is 

involved in the production of a key metabolite used in nucleotide synthesis.
48 

One-carbon 

metabolism begins with the conversion of folate to dihydrofolate (DHF) via the enzyme 

dihydrofolate reductase (DHFR). DHF is then converted into tetrahydrofolate (THF) by DHFR. 

5,10 5,10 
From there, a carbon unit is donated from serine to form N -methylene-tetrahydrofolate (N -

methylene-THF). At this point in the pathway, there is a split as N
5,10

-methylene-THF can be 

used for two purposes. N
5,10

-methylene-THF facilitates the production of deoxythymidine 

monophosphate (dTMP) from deoxyuridine monophosphate (dUMP).
48 

dTMP is the precursor of 

deoxythymidine triphosphate (dTTP) which is essential for DNA synthesis. N
5,10

-methylene-

THF also can be reduced to N
5
-methyl-THF via methylenetetrahydrofolate reductase (MTHFR) 

and acts as the methyl donor for homocysteine to form methionine.
48 

As was mentioned before, 

methionine is used to produce SAM which is decarboxylated and utilized in polyamine 

biosynthesis. However, there are multiple cellular demands for SAM. It also serves as the methyl 

donor required for DNA, RNA, and protein methylation reactions in the cell.
49 

There are also pathways connected to polyamine biosynthesis that do not involve facilitating the 

production of SAM. Arginine, a precursor to ornithine, has been shown to be imported by the 

transporter SLC3A2, and can be provided by glutamate. Glutamate is produced in an 

10 
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intermediate reaction in the TCA-cycle where alpha-ketoglutarate is converted into glutamate by 

glutamate dehydrogenase (GLDH).
50 

On the other hand, glutamate is a precursor for the amino 

51-53 
acids L-proline and L-arginine, as well as the important antioxidant, glutathione. In the TCA-

cycle, pyruvate is initially used to generate acetyl-CoA. Acetyl-CoA is used as the acetyl-group 

donor in the acetylation of polyamines catalyzed by SSAT. However, acetyl-CoA is necessary 

for the biosynthesis of fatty acids.
54 

The increased flux through polyamine metabolism shunts the 

key metabolites glutamate and acetyl-CoA towards polyamine biosynthesis and export and away 

from essential cell processes like amino acid and fatty acid synthesis, as well as antioxidant 

production. Due to the connected nature of these essential metabolic pathways, the high demand 

in prostate epithelial cells for polyamine biosynthesis will put strain on all pathways contributing 

metabolites, as well as the pathways competing for those same metabolites (Figure 4). 

Specifically, the connection between folate and one-carbon metabolism, the methionine cycle, 

55-58 
and polyamine metabolism has been shown in both cell lines and in vivo mouse models. The 

strain placed on these pathways by the high degree of flux through polyamine biosynthesis 

makes them more susceptible to exogenous sources of stress in the prostate setting compared to 

other organs and systems. 

11 
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1.3 Polyamine Metabolism and Cancer Treatment 

Because polyamines are essential for vital cellular processes like growth and proliferation, they 

are also implicated in tumor growth. Several studies have made the connection between high 

59-62 
polyamine levels and certain cancer types like colon, breast, prostate, and skin. It is not 

surprising that one of the earliest areas of interest was ODC1 because it is one of the main rate-

limiting enzymes in polyamine biosynthesis. It is known that expression of the ODC1 gene is 

positively regulated by the oncogene Myc.
63 

Multiple studies have demonstrated its involvement 

64-67 
in tumorigenesis in in vitro and in vivo models via ODC overexpression. It has also been 

shown in MYCN-amplified neuroblastomas that important enzymes in the biosynthetic pathway, 

the methionine cycle, and the catabolic pathway, such as SRM and SRS, AMD1, and SMOX are 

deregulated resulting in an increase in biosynthesis.
68 

Additionally, it is known that ODC1 is 

over-expressed in prostate cancer. 
69 

Realizing the increasing importance behind the regulation of ODC1 in tumor development, 

targeting key enzymes in the polyamine biosynthesis pathway was a primary focus in therapeutic 

research. One of the first inhibitors to ODC1 discovered was alpha-difluoromethylornithine 

(DFMO).
70 

DFMO irreversibly inhibits ODC1 and was shown to reduce intracellular levels of 

putrescine and spermidine. DFMO exhibited mostly cytostatic effects in cells with selective 

cytotoxicity to only certain tumor cell types. 
71 

DFMO also had preferential impact on tumor cells 

72-73 
compared to normal cells in two studies, the specificity making it an ideal therapeutic agent. 

Eventually, DFMO was approved for clinical trials as a single agent and although it was tolerated 

well, minimal clinical benefit was achieved.
74 

13 
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The goal of targeting key enzymes involved in polyamine biosynthesis was furthered by the 

research conducted in the area of inhibition of AMD1, another rate-limiting enzyme. Along with 

ODC1, AMD1 was also correlated with malignant hyperplasia when comparing benign to 

malignant human prostate samples.
75 

Methylglyoxalbis (guanylhydrazone) (MGBG), was found 

to be a competitive inhibitor of AMD1 and had some effects on intracellular polyamines similar 

to those achieved with DFMO. Spermidine and spermine levels were reported to decrease while 

putrescine was reported to increase, findings indicative of a shift towards polyamine 

catabolism.
76 

Even though a desirable result was achieved in regards to dysregulation in 

polyamine biosynthesis, it was also found that MGBG was systemically toxic to mitochondria so 

it would be ineffective in clinical use. 
77 

Despite repeated efforts to develop targeted inhibitors of 

key rate-limiting enzymes in polyamine metabolism, none have been clinically successful.
74 

Despite the lack of results with the inhibitors, more recent research has moved towards focusing 

on the use of polyamine analogues. This new focus was rationalized as a viable new direction 

due to the large amount of regulation of key enzymes that occurs via feedback loops. 

SSAT is both a key enzyme in polyamine catabolism and highly inducible. Increased expression 

78-79 
of SSAT had a cytostatic effect in both prostate and colorectal cell lines. SSAT makes an 

attractive target for a polyamine analogue as it directly interacts with polyamines in order to 

acetylate them for their eventual export into the prostatic lumen. N1,N11-bis(ethyl)norspermine 

(BENSpm) is a polyamine analogue known to induce high levels of SSAT along with lower 

levels of intracellular polyamines.
26 

BENSpm binds to SSAT in the region where polyamines 

normally bind and stabilize the protein. BENSpm has also been demonstrated to increase SAT1 

transcription and protein levels of the critical enzyme. 
43 

The SSAT induction following treatment 

with BENSpm results in increased acetylation of polyamines and ultimately, an increase in 
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acetylated polyamine export, leading to a deficit in intracellular polyamines. To compensate for 

this deficit, cells would have to upregulate polyamine biosynthesis to replenish what is being 

exported. However, BENSpm also impacts early steps in polyamine biosynthesis, diminishing 

the cell’s ability to compensate. It has been demonstrated that both AMD1 and ODC1 activity is 

decreased while the activity of the antizyme (OAZ1) that degrades ODC1 is increased.
80 

This 

also contributes to the drop in intracellular polyamines. Along with the induction of SSAT, 

BENSpm also induces SMOX, the polyamine oxidase, resulting in increased ROS and oxidative 

43,81-82 
damage to the cell. SMOX was shown to be the primary source of ROS in cells treated 

with BENSpm, and knockdown of the oxidase reduced sensitivity of cells to the drug.
81 

When 

SMOX was knocked down in combination with SSAT, cell growth was rescued under BENSpm 

treatment, thereby implicating ROS production as a mediator of the antiproliferative effect.
81 

BENSpm also has other effects pertaining to connecting metabolic pathways. Acetyl-CoA and 

malonyl-CoA pools, produced from the carboxylation of acetyl-CoA, are diminished as SSAT 

consumes acetyl-CoA in order to acetylate polyamines. Both acetyl-CoA and malonyl-CoA are 

26 83-
needed in fatty acid biosynthesis. BENSpm has a known anti-tumor effect in in vivo models. 

84 
Despite the findings relating to the augmentation of the activity of SSAT in both in vitro and in 

85-86 
vivo models, BENSpm has not been successful in clinical trials as a monotherapy. 

Despite the lack of success of BENSpm in clinical trials, there are also other feedback loops to 

exploit via therapy in polyamine biosynthesis. The methionine salvage pathway was previously 

discussed as an important process to polyamine biosynthesis as it maintains the methionine pools 

in the methionine cycle. The methionine cycle allows for the production of the intermediates 

utilized in the process of synthesizing polyamines. The rate-limiting enzyme for the MSP is 

MTAP, which is highly conserved in prostate cancers, despite its proximity to the p16 gene and 
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frequent co-deletion in many other cancers. This characteristic lends credence to the belief that 

MTAP is an important player in polyamine metabolism, which also makes MTAP a viable target 

for prostate cancer treatment. 

A transition state analogue for MTAP had been developed named Methylthio-DADMe-

immucillin-A (MTDIA) which binds to MTAP with high affinity, demonstrated by a dissociation 

constant in the picomolar range. 
87 

Inhibition of MTAP disrupts the MSP. This disruption leads to 

a gradual build-up of 5-MTA in the cell, which acts as an end-product inhibitor of the polyamine 

synthases, SRS and SRM, leading to an eventual reduction in the amount of polyamine 

biosynthesis. Accumulation of 5-MTA can be negative for the cell as it has been demonstrated to 

88-89 
have anti-proliferative effects. To avoid the cytostatic effect, 5-MTA passively diffuses out 

of the cell which results in the 5-MTA becoming inaccessible for the methionine cycle, thus 

wasting a valued one-carbon unit.
90 

MTDIA has been shown to effectively induce apoptosis in 

MTAP-positive head and neck cancer cell lines. Treatment with MTDIA increased intracellular 

5-MTA levels and decreased intracellular polyamine levels.
91 

Treatment of MTAP-negative cells 

with MTDIA did not result in apoptosis, which led to the hypothesis that 5-MTA was the cause 

of the apoptosis. MTDIA was also effective in the inhibition of both proliferation and metastasis 

in human lung cancer xenografts. 
91 

In both studies, 5-MTA was added to the media to prevent 5-

29,91 
MTA from diffusing into the media, better mimicking known physiological conditions. In 

addition, it was previously discussed that MTDIA was effective in inhibiting cell proliferation in 

both in vitro and in vivo prostate cancer models.
39 

Despite some promising evidence to its 

effectiveness, MTDIA has yet to be utilized in clinical trials in any cancer type. 

Even though both BENSpm and MTDIA have been shown to be effective as single agents, there 

is always a concern that over time cells could become resistant to one of those drugs alone. 
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Additionally, these drugs as single agents have yet to be utilized or shown as effective in clinical 

trials. The use of drugs in combination has become more common in order to exploit synergies 

and combat resistance. The use of BENSpm and MTDIA in combination could be synergistic as 

both of the drugs impact important areas of polyamine metabolism which would maximize 

metabolic strain on the cell. BENSpm increases the activity of SSAT which results in an increase 

in the acetylation of polyamines, their export, and potentially an increase in ROS if SMOX and 

PAOX become activated. The induction of SSAT leads to a deficit in intracellular polyamines. In 

response, cells will compensate by upregulating polyamine biosynthesis leading to a build-up of 

MTA which can be recycled by the MSP. When BENSpm is combined with MTDIA, the 

existing metabolic strain caused by high flux through biosynthesis will be exacerbated. The 

inhibition of the MSP blocks the cells ability to cope with increased metabolic stress, ultimately 

causing a gradual build-up of toxic 5-MTA which inhibits the polyamine synthases and starves 

the methionine cycle of a critical one-carbon unit, thereby blocking the ability to replenish 

methionine and SAM pools being consumed by polyamine biosynthesis. Because polyamines are 

necessary for many important cellular functions, cells will have to draw from other important 

metabolite pools to replenish them, hampering critical cell functions further. We have found that 

the severe metabolic strain that these drugs cause in combination results in cytostatic and 

cytotoxic effects in prostate cancer cells. 
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1.4 ROS, Redox Imbalance, and the Response to Oxidative Stress 

Reactive oxygen species (ROS) are molecules containing oxygen that are chemically active in 

the cell. Some examples of ROS are superoxide anion (O2
-
), hydrogen peroxide (H2O2), and 

hydroxyl radical (OH•).
92 

ROS are naturally formed as a result of the metabolism of oxygen 

catalyzed by various oxidases.
93 

ROS are produced mainly in the mitochondria, peroxisomes, 

and the endoplasmic reticulum.
94 

A basal level of ROS production in cells is a normal product of 

cellular respiration and other reactions.
95 

ROS are important for normal cell function, as they act 

as second messengers in various critical signaling pathways like AP-1 and NF-κB pathways.
96 

However, ROS have long been implicated as a toxic compound for the cell, as high levels can 

cause damage to lipids, proteins, DNA, and mitochondrial function.
97

Elevated ROS levels are 

also associated with diseases like cancer and the oxidative damage caused by ROS is involved in 

98-99 
all stages of carcinogenesis. Due to the induction of oncogenes and the dysregulation of 

metabolic pathways, cancer cells produce increased ROS levels compared to normal cells.
100 

The role of oxidative stress has been shown over many studies to play a role in the progression of 

prostate cancer. 
101 

It is also known that oxidative stress is higher in normal epithelium of prostate 

cancer patients compared to those without prostate cancer. 
102 

Oxidative stress is defined as the 

imbalance between oxidant production and antioxidants.
103 

This balance of pro-oxidant and anti-

oxidant species is tightly regulated in the cell and dysregulation of this in either direction can 

lead to deleterious effects. Low levels of ROS has been demonstrated to contribute to lack of 

regulation of blood pressure in rats. 
104 

Also, too little ROS can impact vital signaling pathways 

involving cell growth and metabolism.
105 

Having elevated levels of ROS also negatively impacts 

the cell. It was previously demonstrated that a shift in this balance towards the pro-oxidant side 
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led to prostate carcinogenesis in prostate tissue of men, rats, and also in prostate cancer cell 

lines.
106 

In order to prevent damage caused by oxidative stress, the cell will respond with upregulation of 

antioxidant factors. One main way the cell does this is through the Nrf2-antioxidant response 

element signaling pathway (ARE). The ARE signaling pathway is a transcriptional response 

activated upon an elevated level of ROS.
107 

Nuclear factor (erythroid-derived 2)-like 2 (Nrf2) is 

the transcription factor that presides over the ARE pathway and can induce the transcription of 

antioxidant genes in order to clear any excess ROS.
108 

Normally, Nrf2 is continually suppressed 

and sequestered in the cytoplasm by the protein Kelch-like-ECH-associated-protein-1 (Keap1) 

where it undergoes proteasomal degradation.
109 

When there is an imbalance and oxidative stress 

is present Keap1 will dissociate from Nrf2 and Nrf2 will localize to the nucleus where it 

activates the ARE pathway.
109 

Nrf2 is considered a master regulator of antioxidant responses and 

the main targets it regulates are important ROS clearing enzymes. 
110 

Despite the vital role Nrf2 has in the antioxidant response in cells, one group has demonstrated 

that in conditions of high oxidative stress, a feed-forward loop is created to mediate the 

accumulation of ROS, and further, cell death.
111 

It was found that beyond a certain threshold of 

ROS, Nrf2 upregulates the expression of the transcription factor, Kruppel-like factor 9 (Klf9). 

Klf9 upregulation, or exogenous overexpression, leads to the accumulation of ROS, in part, due 

to its inhibition of transcription of thioredoxin reductase 2 (Txnrd2), an important enzyme 

111-112 
implicated in the antioxidant defense from oxidative stress. Interestingly, one study showed 

that overproduction of ROS led to inhibition of tumor cell proliferation, viability, and 

transformed phenotypes.
100 

Drugs that induce an overproduction of ROS could potentially be a 

viable strategy and some have been approved for treatment of various cancer type. 
110 
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1.5 Aims of the Study 

The aim of this study is to determine the role of reactive oxygen species in the response to 

BENSpm and MTDIA treatment in androgen sensitive and castration recurrent cell lines. It is 

important to understand the mechanism of action of the drugs underlying the observed anti-

proliferative effect if they are to be used as a treatment in prostate cancer. In doing so, novel 

therapeutic targets may also be identified that could be exploited. 

We hypothesize that the combination treatment of BENSpm and MTDIA can regulate the 

polyamine oxidases SMOX and PAOX to increase ROS created through catabolic reactions that 

directly contribute to the observed anti-proliferative effect in prostate cancer cells. While a 

connection between BENSpm treatment and increased ROS production has been made in breast 

cancer cells, this has not been made in prostate cancer cell line. Given the unique metabolic 

setup in prostate cancer cells to allow for high flux through polyamine biosynthesis, there is no 

certainty that the response will be the same. Furthermore, nothing is known about models of 

castration recurrent prostate cancer and the response to BENSpm. Considering that the AR 

regulates many of the enzymes involved in these metabolic pathways, it is an open question 

whether androgen dependent and androgen independent models will behave similarly. Lastly, 

even if ROS does accumulate after BENSpm treatment, it is unknown if this play a significant 

role in the antiproliferative and cytotoxic response to the combination treatment of BENspm and 

MTDIA. 

The polyamine analogue, BENSpm, increases SSAT activity and results in increased acetylated 

polyamine production and export. This increase in polyamine catabolism puts strain on 

connected biosynthetic pathways, including the methionine cycle and folate metabolism, as cells 

are forced to maintain flux through polyamine biosynthesis. The addition of MTDIA will prevent 
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the recycling of 5-MTA to methionine which will add subsequent stress to connected metabolic 

pathways. The combination of the two drugs induces a metabolic crisis in the cell as resources 

will be diverted from the connecting metabolic pathways in attempt to satisfy the already high 

demand for polyamine biosynthesis. The increase in polyamine catabolism may increase the 

activity of the polyamine oxidases SMOX and PAOX as a result of increased substrate (PAOX) 

and potential imbalances between spermine and spermidine (SMOX). By-products of these 

reactions include reactive oxygen species. Increased ROS may compound with the reduction in 

other essential metabolite pools, like SAM and nucleotides, to contribute to the anti-proliferative 

effect. 

In this study, ROS levels will be measured following single-agent and combination treatments 

with the drugs. mRNA, protein, and activity levels of the essential polyamine oxidases SMOX 

and PAOX will be measured to evaluate if the drugs regulate those enzymes. To test if the ROS 

created contributes to the anti-proliferative effect, a key enzyme important in suppressing 

oxidative stress, TXNRD2, ROS cleanup enzyme will be overexpressed in an attempt to rescue 

cell growth. Other enzymes responsible in redox balance will be examined at the transcriptional 

level. SLC3A2 will also be examined to better characterize how the combination therapy impacts 

the system. These experiments will be performed in both the androgen sensitive and castration 

recurrent settings to explore how the androgen status of the cell impacts the cellular response to 

the drugs. 
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2.1 Cell Lines 

The androgen sensitive prostate cancer cell line LNCaP was purchased from the American 

Tissue Type Collection (ATCC, Manassas, CA). The castration recurrent line LNCaP C4-2 was a 

gift from Dr. James Mohler of Roswell Park Cancer Institute (RPCI). All cell lines were ATCC 

verified. The LNCaP and LNCaP C4-2 line were maintained in RPMI1640 medium containing 

10% Fetal Bovine Serum (FBS), 100 IU Penicillin and 100 µg/ml Streptomycin (This will be 

further referred to as Full RPMI) (Horoszewicz et al., 1980). 

2.2 Combination Treatments 

The MTAP inhibitor (3R,4S)-1-[(9-Deaza-adenin-9- yl)methyl]-3-hydroxy-4-methylthiomethyl)-

pyrrolidine, or MT-DADMe-Immucillin-A (MTDIA) was synthesized by Dr. Jim Phillips at the 

87,113-114 1 11
Cleveland Clinic Taussig Cancer Institute. N , N -bis(ethyl)norspermine (BENSpm) was 

purchased Synthesis Med Chem, Shanghai, China. During treatment, LNCaP cells were cultured 

in the same media they were maintained in. For experiments performed using the LNCaP C4-2 

line, cells were initially plated in full RPMI for 24 hours to allow for the cells to adhere. Cells 

were then washed with PBS and placed in phenol-red free RPMI 1640 media supplemented with 

2% charcoal-stripped FBS, 100 IU Penicillin and 100µg/ml Streptomycin to deplete the cells of 

androgens for 48 hours prior to the start of treatment. This will be further referred to as phenol 

red-free RPMI (Wu et al., 1994). LNCaP cells were plated at a density of 200,000 cells/well in 6-

well plates. They were cultured in Full RPMI, 20 µM MTA, and given 1 µM BENSpm or 1 nM 

MTDIA as single-agents, or in combination. Media, drug, and MTA were refreshed every 48hrs. 

Contents of the 6-well plates were trypsinized and transferred to 6 cm dishes as needed following 

96 hours of treatment. LNCaP C4-2 cells were plated at a density of 100,000 cells/well in 6 well 

plates. Following the 48 hour period in phenol-red free RPMI (described above) cells began the 
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same treatment regimen as described for LNCaP cells. Cells were collected for analysis at the 1 

hour, 24, 48, 96, and 192 hours post-treatment and all treatments were performed in biological 

triplicates. 

2.3 H2O2 Treatments 

LNCaP cells were plated at a density of 100,000 cells/well and C4-2 cells were plated at a 

density of 150,000 cells/well in 6-well plates. The same pre-treatment protocol described in 2.2 

was used. Cells were treated for 24 hours with 0, 25, 50, 75 and 100 µM H2O2 in the presence of 

20 µM MTA. Cells were collected for either RNA isolation or ROS analysis. 10% of the cells 

collected for RNA isolation were set aside and used to quantify cell number via Trypan Blue 

Viability Assay. 

2.4 Trypan Blue Viability Assay 

To determine cell number, cells were trypsinized, mixed thoroughly, and a portion of the cell 

mixture was added to an eppendorf tube. A 1:1 dilution was prepared with the cell suspension 

and 0.4% Trypan Blue solution (ThermoFisher Scienfitic, Catalog #15250061). The mixture was 

inverted thoroughly and 10 µL was pipetted into a hemocytometer with a cover slip mounted 

over top so the chambers were filled completely with the mixture. Live cells were counted under 

a microscope in the four 1 mm 
2 

squares of a chamber. An average number of cells per square 

was calculated. The average number of cells per square was multiplied by a factor of 20,000 to 

determine the number of live cells per plate. 

2.5 ROS Analysis 

For the determination of ROS levels, 6 cm dishes of treated cells were washed with 1 mL of 1x 

PBS twice, scraped in 250 µL 1x PBS, and collected. Cells were heated for 10 minutes at 95°C 
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and centrifuged at 13,500 xg for 5 minutes at 4°C. The supernatant was harvested and tested 

using the Amplex™ Red Hydrogen Peroxide/Peroxidase Assay Kit (ThermoFisher Scientific, 

Catalog Number: A22188). A mixture of 125 µL of sample, 25 µL of 1x Reaction Buffer, as well 

as a detection mixture consisting of 0.5 µL of 10 mM Amplex Red reagent, 1 µL HRP and 48.5 

µL 1x Reaction Buffer (All provided by the kit) was placed in 96-well clear-bottom black plates. 

Using a microplate reader, fluorescence was measured at 545 nm excitation and 590 nm 

emission on a 96-well plate reader as per the manufacturer’s protocol. Fluorescence was 

normalized to cell counts and all samples are represented as relative to control untreated cells. 

2.6 Generation of TXNRD2 Overexpression Cell Lines 

TXNRD2 overexpressing LNCaP and LNCaP C4-2 cell lines were generated as previously 

described with the help of Dr. Anna Bianchi-Smiraglia in the laboratory of Dr. Mikhail 

Nikiforov at RPCI.
115 

2.7 SMOX/PAOX Activity Assay 

For the determination of SMOX and PAOX activity levels, cells were grown in T25 flasks and 

treated as indicated above. Cells were washed twice with 1 mL of 1x PBS, placed in 0.0833 M 

glycine and frozen at -80°C overnight. The plates were scraped and collected in eppendorf tubes 

and centrifuged at 13,500 xg for 5 minutes at 4°C. The supernatant was harvested and tested 

using the Amplex™ Red Hydrogen Peroxide/Peroxidase Assay Kit (ThermoFisher Scientific, 

Catalog Number: A22188). A mixture of 50 µL of sample, 25 µL of 1x Reaction Buffer 

(Provided by the kit), 55 µL of a reaction mix comprised of the reagents in Table 1, and 50 µL of 

the detection mix used in section 2.4 was placed in 96-well clear-bottom black plates. 

Fluorescence was measured using a microplate reader at the recommended wavelengths detailed 
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in the manufacturer’s protocol. Protein concentrations were determined using Pierce™ BCA 

Protein Assay Kit (ThermoFisher Scientific). 

Table 1: Reaction mixture amounts and reagents used in the SMOX and PAOX activity 

assays. 

2.8 RNA Isolation and Measurement of Transcription (qRT-PCR) 

Following treatment cells were trypsinized, washed twice with PBS and pelleted. The cell pellets 

were re-suspended in 1mL of TRIzol™ Reagent (ThermoFisher, Catalog # 15596026) and 

incubated at room temperature for approximately 5 minutes. Then, 200 µL of chloroform was 

added to each sample. Samples were shaken vigorously for about 15 seconds and were left to sit 

for another 5 minutes. Samples were centrifuged at 4°C at 11,000 xg for 5 minutes. After this, 

the upper, transparent layer was collected into separate tubes and the RNA precipitated with 500 

µL isopropanol. Samples were inverted, mixed gently, and were left to sit for 5-10 minutes. 

Samples were then centrifuged at 4°C at 11,000 xg for 10 minutes. The supernatant was removed 

and the pellet was re-suspended in 1mL of 70% ethanol. Samples were centrifuged at 4°C at 

6,000 xg for 5 minutes. The ethanol was discarded and pellets were resuspended in 

approximately 20 µL of molecular grade water. 
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RNA was quantified via Nanodrop 1000 Spectrophotometer (ThermoFisher Scientific). 250 ng 

of extracted RNA was transcribed into cDNA using the RevertAid RT Reverse Transcription Kit 

(ThermoFisher Scientific, Catalog Number: K1691). The cDNA was synthesized using a 20 uL 

reaction comprised of the RNA, a 1:1 mix of random hexamer primers and oligo DT, and 

molecular grade water. The thermocycler protocol used for the cDNA generation was per the 

manufacturer’s protocol. The cDNA was then diluted 1:30 and 1.5 uL of the diluted cDNA was 

used for real-time reverse transcriptase PCR with the iTaq SYBR Green Supermix with ROX 

(Bio-Rad) on a StepOnePlusTM Real-Time PCR System (ThermoFisher Scientific). All forward 

and reverse primer sequences, with their accompanying annealing temperatures, can be found in 

Table 2. 

Primer Name Sequence Annealing Temperature 

GUSB (forward) 

GUSB (reverse) 

CTCATTTGGAATTTTGCCGATT 

CCGAGTGAAGATCCCCTTTTTA 

60˚C 
60˚C 

HMOX1 (forward) 

HMOX1 (reverse) 

CAACAAAGTGCAAGATTCTG 

TGCATTCACATGGCATAAAG 

61.4˚C 
61.4˚C 

KLF9 (forward) 

KLF9 (reverse) 

CCATTACAGAGTGCATACAG 

GAGCGGGAGAACTTTTTAAG 

60˚C 

60˚C 

NFE2L2 (forward) 

NFE2L2 (reverse) 

AGTTTGGGAGGAGCTATTATC 

AATGTGGACTACAGTTACCTAC 

60˚C 
60˚C 

NQO1 (forward) 

NQO1 (reverse) 

TGAAGAAGAAAGGATGGGAG 

TTTACCTGTGATGTCCTTTC 

60˚C 
60˚C 

PAOX (forward) 

PAOX (reverse) 

TTTCTAAGGGCTATCAAGGAC 

CAGGCTTCTCAAAAACTACAG 

60˚C 
60˚C 

SLC3A2 (forward) 

SLC3A2 (reverse) 

TCTTGATTGCGGGGACTAAC 

GAGCCTTGCCTGAGACAAAC 

60˚C 
60˚C 

SMOX (forward) 

SMOX (reverse) 

AGGCCTGCCCACAGAGAAGG 

TGCATGGGCGCTGTCTTTG 

60˚C 
60˚C 

Table 2: List of human specific primer sequences and annealing temperatures used in real-

time RT-PCR. 
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2.9 Protein Extraction and Measurement of Protein Expression (Western Blot) 

To extract the protein needed for the Western Blot Analysis, cells were grown and treated in 10 

cm dishes. Cells were washed twice with 2 mL of 1x PBS, scraped, and collected in 1 mL of 1x 

PBS. Cells were pelleted by centrifugation for 5 minutes at 4°C at 13,500 xg. Cells were 

resuspended in Szak’s RIPA buffer (100nM NaCl, 1% NP-40, 0.5% deoxycholate, 0.1% sodium 

dodecyl sulfate, 50 mM Tris-HCl pH 8, 5 mM EDTA, and 0.5 mM PMSF) containing a 

proteinase inhibitor at 1:10 dilution. Protein concentration were determined using Pierce™ BCA 

Protein Assay Kit (ThermoFisher Scientific). A mixture of 25 µg of protein, SDS, and 

dithiothreitol (DTT) was heated for 10 minutes at 95°C and then loaded onto a 12.5% SDS-

polyacrylamide gel. Separation via electrophoresis occurred for approximately 90 minutes (30 

minutes for stacking, 60 minutes for separation). Samples were then transferred onto a 

polyvinylidene fluoride (PVDF) membrane (Biorad, Cat #162-0177) for 60 minutes in 

approximately 1 L of ice cold transfer buffer (100 mL 10x Tris/Glycine Buffer (BioRad), 200 

mL Methanol, and 700 mL distilled water). Membranes were blocked in 5% Blotting Grade 

Blocker (BioRad, #1706404) diluted with tris-buffered saline (TBS) at room temperature for one 

hour and then incubated with primary antibody overnight at 4°C. Blots were then incubated with 

secondary antibody that had been conjugated to horseradish peroxidase (HRP) for one hour in 

blocking buffer at room temperature. HRP was activated with Pierce™ ECL Western Blotting 

Substrate (ThermoFisher Scienfitic, Catalog Number: 32106). Blots for confirmation of 

TXNRD2 protein expression were imaged using Kodak Film in a dark room. Blots for SMOX 

and PAOX protein expression were imaged via LSR GelDoc XR system (BioRad). Image Lab™ 

software was used for any image processing/quantitation (BioRad). Intensity values were 

normalized to either the β-actin or the GAPDH loading control band intensities and made relative 
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to control treatment conditions. A list of antibodies used along with their concentrations can be 

found in Table 3. 

Antibody Company (Catalog #) Concentration 

β-Actin Sigma-Aldrich (#A5441) 1 : 2000 

GAPDH Santa Cruz Biotechnology Inc. (#sc-25778) 1 : 1000 

PAOX Proteintech (#18972-1-AP) 1 : 500 

SMOX Proteintech (#15052-1-AP) 1 : 1000 

TXNRD2 Santa Cruz Biotechnology Inc. (#sc-46279) 1 : 1000 

Table 3: List of human specific antibodies used in this work. List of human specific 

antibodies, company the antibody was purchased from with corresponding catalog numbers, 

as well as the concentrations at which they were used during the western blot. 
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3.1 Effects of BENSpm and MTDIA on PAOX and SMOX 

The overall goal of this study was to characterize the mechanism of action of the combination of 

BENSpm and MTDIA treatment in prostate cancer cell lines. It is known that the binding of 

polyamines and their analogues (like BENSpm) can stabilize and increase the transcription and 

translation of SAT1, as well as the enzyme activity of the protein it encodes, SSAT.
26 

We have 

previously demonstrated that our combination therapy increases SSAT activity over a period of 

96 hours. We have also found that the combination treatment leads first to an antiproliferative 

effect by 96 hours and eventually a cytotoxic effect by 192 hours. The increased activity of 

SSAT allows for potentially more substrate for the ROS-generating catabolic reaction performed 

by the polyamine oxidase, PAOX, and may lead to an induction of SMOX activity to rebalance 

spermine and spermidine pools. Indeed, it has been previously found that treatment with a 

polyamine analogue, N
1
-ethyl-N

11
-(cyclopropyl)methyl-4,8,diazaundecane (CPENSpm), induced 

SMOX through multiple mechanisms including increased mRNA synthesis, protein stabilization, 

and protein synthesis.
116 

Similarly, preliminary findings from our lab indicate that our metabolic 

drugs, both single-agent and in combination, can induce cyclical changes in SMOX expression 

over 96 hours. 

Considering previous findings that some polyamine analogues can increase SMOX activity and 

our finding that treatment with MTDIA and/or BENSpm causes changes in SMOX mRNA 

levels, we asked whether these treatments affect the activity SMOX and PAOX. SMOX and 

PAOX activity levels were measured in androgen sensitive (LNCaP) and castration recurrent 

(LNCaP C4-2) prostate cancer cells lines after 192 hours of treatment via an Amplex Red assay. 

The assay is fluorometric and detects the activity of peroxidases when H2O2 is in excess. To 

examine if part of the mechanism of action of the drugs involves altering the regulation of 
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SMOX and PAOX, RNA and protein were collected from treated cells and their levels measured 

via Quantitative RealTime RT-PCR and Western Blot, respectively, over the same time course as 

the activity experiments. H2O2 levels were measured after 192 hours of treatment with either 

vehicle, 1 nM MTDIA, 1 µM BENSpm, or the combination of 1 nM MTDIA and 1 µM 

BENSpm, all in the presence of 20 µM MTA. 

Treatment with BENSpm and the combination of BENSpm and MTDIA significantly increased 

the activity of SMOX and PAOX at 192 hours in both LNCaP and C4-2 cells, while treatment 

with MTDIA alone did not (Figure 5). In LNCaP cells, both BENSpm and combination 

treatments led to 1.9 and 2.1-fold change respectively in SMOX activity and 2.4 and 3.2-fold 

change respectively in PAOX activity at 192 hours compared to the control (Figure 5A). C4-2 

cells showed an even further increase in SMOX activity compared to LNCaP in both the single-

agent BENSpm treatment, as well as the combination (Figure 5B). Observed increases in SMOX 

activity were 5-fold in the BENSpm treatment group and 4.7-fold in the combination group. 

Much like what was seen in the SMOX activity experiments, PAOX activity was also 

significantly increased at 192 hours in the BENSpm and combination treatments. Treatment with 

BENSpm and the combination resulted in a 4.7-fold increase compared to the control treatment 

group. Again, there were no significant changes in the MTDIA treatment group in C4-2 cells 

(Figure 5B). 
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Figure 5: Effect of BENSpm & MTDIA on SMOX and PAOX activity in WT androgen sensitive (LNCaP) 

and castration resistant (LNCaP C4-2) cells. A: The left and right panels show SMOX and PAOX activity in 
LNCaP cells, respectively. B: The left panel and right panels show SMOX and PAOX activity in LNCaP C4-2 
cells, respectively. All activity levels were normalized to protein level. The statistical analysis for the activity 
levels was performed using unpaired student t-tests. (*: p<0.05, *:p<0.01). 
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In LNCaP cells, RNA expression of SMOX in the MTDIA treatment group showed no significant 

difference compared to the control group. However, SMOX expression was significantly 

impacted by both BENSpm single-agent treatment and the combination treatment across the 

entirety of the time course (Figure 6A). When treating with BENSpm alone, significant 

increases in expression were seen at 24, 48, and 96 hours of treatment. The greatest increase in 

expression compared to the control treatment group was observed at 96 hours with expression 

being 3.8-fold greater. RNA expression of SMOX after 192 hours was highly variable among the 

biological triplicates with BENSpm only, however with the combination treatment we observed 

less variability, where overall there was a similar increase in SMOX expression. Each time point 

past 1 hour of combination treatment exhibited significantly increased expression relative to the 

control treatment group. 96 hours of treatment with the combination also resulted in the greatest 

increase in expression compared to the control group of 4.2-fold. No significant differences of 

expression were observed between BENSpm and combination conditions. 

RNA expression of PAOX in LNCaP cells was not altered by treatment to the same extent as 

SMOX expression (Figure 6B). Once again, MTDIA treatment had only minimal effect on 

PAOX expression across the time course. MTDIA treatment significantly decreased expression 

of PAOX at 1 hour and significantly increased PAOX expression at 96 hours. Significant 

increases in PAOX expression with BENSpm treatment were only observed at 48 hours. The 

combination treatment also led to significant increases of PAOX expression at both 48 hours and 

96 hours. Significant increases in PAOX expression in cells treated with BENSpm and the 

combination at 48 hours were both 2-fold greater than the control, whereas SMOX expression at 

the same time point were increased 3.8 and 3.5-fold. 
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Figure 6: Effect of BENSpm & MTDIA on SMOX and PAOX mRNA expression in WT LNCaP and C4-

2 cells. A: mRNA expression levels normalized to GUSB of SMOX in LNCaP cells. B: mRNA expression 
levels normalized to GUSB of PAOX in LNCaP cells. C: mRNA expression levels normalized to GUSB of 
SMOX in C4-2 cells. D: mRNA expression levels normalized to GUSB of PAOX in C4-2 cells. All expression 
levels in each time point are relative to the control treatment group of its respective time point. Experiments 
were done in biological triplicate. The statistical analysis for the expression levels was performed using 
unpaired student t-tests. (*: p<0.05). 

SMOX and PAOX RNA showed few changes in expression across the entirety of the time course 

in C4-2 cells (Figure 6C and D). SMOX expression increased significantly with BENSpm (1.7-

fold) and combination (1.8-fold) treatments at 192 hours. MTDIA treatment also significantly 

increased SMOX expression by 1.9-fold after 24 hours. RNA expression of PAOX remained 

static regardless of treatment group in C4-2 cells, with no significant changes observed 

throughout the time course examined (Figure 6B). 

Western blot analysis indicated that protein levels of SMOX in LNCaP cells were altered in 

response to our treatments over our time course relative to their respective untreated controls 

(Figure 7A,B left panel). SMOX protein levels in LNCaP cells treated with BENSpm showed 

increases relative to their controls at the 1, 24, and 48 time points. At 96 hours post treatment, 

there was a minor decrease in expression, with a large 2.7-fold decrease in expression at 192 

hours compared to the untreated control at that time point. Upon MTDIA treatment alone, 

SMOX levels relative to the respective time point controls increased at 1 hour and greatly at 48 

hours, but also decreased by 2.9-fold at 192 hours. In the combination treatment group, protein 

level of SMOX increased at 1 hour, greatly at 48 hours (7.3-fold), and 96 hours relative to each 

respective untreated control. Like the other two treatment groups, there was a 2.9-fold reduction 

in protein expression at 192 hours. 
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Figure 7: Effect of BENSpm and MTDIA on the protein expression of SMOX and 
PAOX in WT LNCaP cells. A: Western Blots for each protein in LNCaP cells. B: Quantified 
protein levels normalized to the expression of GAPDH relative to the control treatment 
protein expression levels of a biological singlet. 

37 



 
 

             

                

              

               

            

               

             

              

              

                

        

              

           

             

                

             

               

           

                

            

               

               

      

Protein levels of PAOX in LNCaP cells also showed the similar trends of increased expression in 

early time points and decreases in later ones (Figure 7A,B right panel). At 1 and 24 hour time 

points, PAOX levels increased in every treatment group relative to each time point’s untreated 

control. At 48 hours, each treatment group also showed large decreases in protein levels (4.1, 

2.3, and 3.5-fold reductions in BENSpm, MTDIA, and combination treated cells respectively). 

At 96 hours there were minimal changes. At 192 hours, both MTDIA and combination treated 

cells showed 1.5-fold decreases in expression, while BENSpm treated cells showed a 1.7-fold 

increase in expression. In C4-2 cells, treatment induced changes in both SMOX and PAOX 

protein levels were much less dynamic with no changes greater than 2-fold. The apparent 4.2-

fold reduction in SMOX levels is a questionable result given the quality of the Western blot in 

that position, which likely represents a technical transfer issue. 

In C4-2 cells, our metabolic treatments did not cause any major changes in the protein levels of 

SMOX or PAOX (Figure 8A,B). Compared to LNCaP cells which showed that treatment 

induced substantial increases in SMOX expression relative to each time point’s untreated control 

at 1 and 48 hours, C4-2 cells did not show the same magnitudes of changes (Figure 7A). 

Overall, BENSpm and combination treatments had the greatest effects on RNA and protein 

levels for SMOX and PAOX in LNCaP cells, with minimal effects in LNCaP C4-2 cells. 

Nevertheless, at 192 hour of treatment, both cell lines demonstrated increased activity for both 

PAOX and SMOX. In contrast to the protein and mRNA findings, the LNCaP C4-2 cells 

demonstrated the largest increases in enzyme activity with approximately 4-fold increases in 

both enzymes compared to less than 2-fold increases in LNCaP cells. MTDIA as a single-agent 

treatment had little impact in activity levels in either cell line, with sparse impacts across RNA 

and protein levels in either cell line. 
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Figure 8: Effect of BENSpm and MTDIA on the protein expression of SMOX and PAOX 
in C4-2 cells. A: Western Blots for each protein in C4-2 cells. B: Western Blots for each 
protein in C4-2 cells. Quantified protein levels normalized to the expression of β-Actin 
relative to the control treatment protein expression levels of a biological singlet. 
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3.2 Effects of BENSpm and MTDIA on ROS levels 

We have previously demonstrated a synergistic relationship of BENSpm and MTDIA in both 

LNCaP and C4-2 cells with an initial antiproliferative effect followed by a cytotoxic effect. A 

major aim of this study was to characterize the mechanism of action of our proposed treatment 

by determining how treatment with BENSpm, MTDIA, and the combination impacts ROS 

levels. As we have demonstrated that the activities of the key polyamine oxidases SMOX and 

PAOX increase in response to our treatments in both LNCaP and C4-2 cell lines, we 

hypothesized that ROS levels would be affected. While it is clear that the activity of these 

enzymes produces H2O2, it is also true that cells have varying capacities to deal with ROS 

production. Therefore, we asked how the drug treatments affect intracellular H2O2 levels in 

LNCaP and C4-2 cells via an Amplex Red assay. In this experiment, cells were treated for 24 

hours and 192 hours to understand how ROS levels change over prolonged treatment with the 

drugs. 

In Wild Type (WT) LNCaP cells, treatment for 192 hours with both BENSpm and the 

combination led to significantly increased H2O2 levels (Figure 9A). Treatment with MTDIA had 

no effect on H2O2 levels. Both BENSpm and combination treatments resulted in 1.8-fold 

increases. 

Both the single-agent BENSpm and the combination treatments showed significant increases in 

raw H2O2 levels from 24 hours to 192 hours in WT C4-2 cells (Figure 9B). Although there was a 

slight increase in H2O2 detected in the MTDIA treatment group, it was not found to be 

statistically significant. BENSpm treatment alone resulted in a 1.4-fold increase in H2O2 detected 

compared to the control whereas combination treatment led to 1.7-fold increase in H2O2 levels. 
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These results mirror the increases in activity and transcription of SMOX and PAOX in LNCaP 

and C4-2 after 192 hours of treatment with BENSpm and the combination (Figures 5 & 6). 

Figure 9: Impact of BENSpm and MTDIA on H O levels in WT LNCaP and C4-2 cell lines. A: 
2 2 

H O levels in LNCaP cells treated with MTDIA, BENSpm, and the combination of both at 24 and 192 
2 2 

hours. B: H O levels in C4-2 treated with MTDIA, BENSpm, and the combination of both at 24 and 
2 2 

192 hours. Statistical analysis of relative ROS levels in these cell lines compares treatment groups to 
the control group using unpaired student t-tests (*: p<0.05, **:p<0.01). 
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3.3 Role of ROS in the antiproliferative effect 

Next, we sought to determine if the increase in ROS as a result of BENSpm or combination 

treatment contributes to the antiproliferative effect. To test this, C4-2 and LNCaP cell lines were 

infected with a viral vector to allow for overexpression of Thioredoxin reductase 2 (TXNRD2) 

whose function is to reduce mitochondrial ROS. TXNRD2 was successfully overexpressed in 

C4-2 and LNCaP cell lines compared to the plvp empty vector control cells as shown by Western 

Blot (Figure 10). Cells were treated for 24 and 192 hours and both proliferation and ROS levels 

in the vector control and TXNRD2 overexpressing cells were measured via Trypan Blue 

exclusion and Amplex Red assays respectively. 

Figure 10: Overexpression of TXNRD2 in infected LNCaP and LNCaP C4 -2 cells. 
A: Western Blot with the plvp control and TXNRD2 overexpressing cells lines in both 
LNCaP and C4-2. 

BENSpm and combination treatments significantly reduced growth in the empty vector plvp 

(black bars) and TXNRD2 overexpressing (red bars) LNCaP cells (Figure 11A). BENSpm 
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treatment reduced growth in the plvp control cells by 3.2-fold compared to the control, whereas 

the combination treatment led to a 4.3-fold reduction. BENSpm and combination treatments 

incurred an average growth reduction of 3.8-fold and 5.9-fold, respectively in TXNRD2 

overexpressing cells. Overexpression of TXNRD2 did not rescue cell growth in LNCaP cells 

(Figure 11A). 

In the empty vector LNCaP cells, treatment with BENSpm and the combination significantly 

increased H2O2 levels, as expected. However, just as observed in the previous proliferation 

experiments, TXNRD2 overexpression did not reduce cellular ROS levels (Figure 11B), either 

in the control conditions, or the treatment induced ROS. In the empty vector cells, treatment with 

BENSpm and the combination increased ROS/ levels relative to the control treatment by 2.7-fold 

and 2.6-fold respectively. Treatment with MTDIA alone also increased ROS levels by 1.7-fold. 

In the TXNRD2 overexpressing cells, BENSpm and combination treatments resulted in 2.9-fold 

and 3.7-fold respective increases in cellular ROS levels. There was no significant difference in 

ROS levels in MTDIA treated TXNRD2 overexpressing cells compared to empty vector (Figure 

11B). Therefore, despite successful overexpression of TXNRD2 in LNCaP cells (Figure 10), 

this failed to result in either rescue of the cytotoxicity of drug treatments or in limiting 

accumulation of H2O2. 

In the empty vector C4-2 control cells (black bars), there was significant reduction in cell growth 

upon treatment with our metabolic drugs (Figure 11C). The synergistic relationship of BENSpm 

and MTDIA is seen in this experiment as combination treatment resulted in a significant 2.6-fold 

reduction in cell growth compared to the vehicle treatment at 192 hours, whereas BENSpm and 

MTDIA alone resulted in 1.7 and 1.2-fold reductions in proliferation, respectively. Unlike in 

LNCaP cells, in C4-2 cells TXNRD2 overexpression (red bars) significantly rescued cell growth 
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upon treatment with BENSpm, MTDIA, and the combination to nearly 100% of control 

treatment growth (Figure 11C). 

Results from measuring ROS levels of the infected C4-2 cells showed that ROS levels were 

significantly lower in TXNRD2 overexpressing cells compared to the empty vector control cells 

(Figure 11D) in control treatment conditions. Treatment with BENSpm and the combination 

increased ROS levels in the empty vector cells by 1.5 and 1.9- fold respectively, while TXNRD2 

overexpression significantly blocked the treatment induced increase in ROS levels in the 

BENSpm and combination treatment groups by 2.3-fold and 3.1-fold, respectively. Similar to the 

cell proliferation experiments in Figure 11C where there was almost complete rescue of growth, 

TXNRD2 overexpression was able to significantly diminish treatment induced accumulation of 

H2O2 (Figure 11D). 

Overall, BENSpm and combination treatments significantly reduced growth and increased ROS 

levels in both the androgen sensitive LNCaP and androgen independent LNCaP C4-2 empty 

vector control cell lines. While TXNRD2 overexpression failed to rescue growth or ameliorate 

the induction of ROS in LNCaP cells, it was successful in doing so in LNCaP C4-2 cells. These 

results suggest that androgen status may play an important role in the cellular response to our 

metabolic drugs. 
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Figure 11: Cell proliferation and ROS levels in plvp control and TXNRD2 
overexpressing LNCaP and LNCaP C4-2 cells after 192 hours of metabolic treatment. 
A: The percent proliferation of the plvp control and TXNRD2 overexpressing cell lines in 
LNCaP cells. B: The raw H2O2/cell number levels of the plvp control and TXNRD2 
overexpressing cell lines in LNCaP cells. C: The percent proliferation of the plvp control and 
TXNRD2 overexpressing cell lines in C4-2 cells. D: The raw H2O2/cell number levels of the 
plvp control and TXNRD2 overexpressing cell lines in C4-2 cells. All proliferation 
experiments were performed in biological triplicate while the H2O2 experiments were done in 
technical and biological triplicates. Statistical analysis of cell proliferation and H2O2 levels in 
these cell lines compares the TNXRD2 overexpressing cell line to the plvp control cell line 
using unpaired student t-tests and two-way ANOVA, respectively (*: p<0.05, ***:p<0.001). 
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3.4 Transcriptional Impact of BENSpm and MTDIA the ROS Response 

Knowing treatment with a polyamine analogue can regulate the key peroxidases that generate 

ROS in polyamine catabolism is important in characterizing the mechanism of action of the 

combination of BENSpm and MTDIA. However, other factors can be involved in the regulation 

of ROS production. Much like how polyamine analogues regulate SAT1, in certain tumor cell 

types the transcription and induction of SAT1 is also regulated by the transcription factor 

Nuclear factor (erythroid-derived 2)-like 2 (Nrf2).
117 

Nrf2 is known to regulate the expression of 

antioxidant proteins.
118 

However, at a certain threshold of ROS, Nrf2 can induce the expression 

of Klf9 leading to increased oxidative stress due to transcriptional repression of antioxidant 

genes such as TXNRD2. Taking into account the important role of Nrf2 in redox responses, as 

well as the significant induction of ROS caused by our combination treatment, we wanted to 

investigate the impact of BENSpm and MTDIA treatment on Nrf2 and the Nrf2 target pathway. 

We performed RT-qPCR over the same 192 hour time course in both LNCaP and C4-2 cells. The 

RNA levels of Nrf2, as well as three other transcription factors that are targets of Nrf2, were 

tested. The three Nrf2 regulated factors examined are: Klf9, the aforementioned sensitizer to 

oxidative stress, and NQO1 and HMOX, which are major targets of Nrf2 involved in the 

antioxidant response. As most of the changes in mRNA expression occurred around the later 192 

hour time point, we looked specifically at that time point for both NQO1 and HMOX. 

In LNCaP cells, BENSpm and combination treatments affected RNA expression levels of Nrf2 

and HMOX, whereas Klf9 and NQO1 remained largely unaffected throughout the timeline 

(Figure 12A-D). When treated with BENSpm alone and the combination, RNA expression 

levels of Nrf2 significantly increased 2.2 and 2.1-fold the 192 hour time point. 
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Figure 12: Effect of BENSpm and MTDIA on mRNA levels of NRF2, KLF9, HMOX1, and NQO1 in WT 

LNCaP cells. (A) mRNA expression normalized to GUSB of NRF2 and (B) KLF9 over the time course in each 
treatment group. (C) mRNA expression normalized to GUSB of HMOX1 and (D) NQO1 after 192 hours of 
treatment. All expression levels in each time point are relative to the control treatment group of its respective 
time point. Experiments were done in biological triplicate. The statistical analysis for the expression levels was 
performed using unpaired student t-tests (*: p<0.05, **: p<0.01). 
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At 24 hours, Nrf2 expression was reduced when treated with the combination (Figure 12A). 

RNA expression of Klf9 showed a significant 1.9, 1.8, and 2-fold increase at the 48 hour time 

point with BENSpm, MTDIA, and combination treatments respectively. Expression remained 

largely unchanged at all other time points, except with the combination treatment at 1 hour, as 

Klf9 mRNA levels were significantly decreased. (Figure 12B). HMOX1 RNA showed 

significantly increased expression after 192 hours of treatment in both BENSpm and 

combination groups, with increases in expression at 4.3 and 3.9-fold greater than the control 

treatment respectively (Figure 12C). RNA expression of NQO1 showed no significant change 

after 192 hours of treatment in LNCaP cells (Figure 12D). 

Similar to what was seen in C4-2 cells when measuring RNA levels of SMOX and PAOX, RNA 

expression levels of Nrf2, Klf9, NQO1, and HMOX1 remained static with no significant changes 

across the entirety of the time course regardless of treatment group (Figure 13A-D). 
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Figure 13: Effect of BENSpm and MTDIA on mRNA levels of NRF2, KLF9, HMOX1, and NQO1 in WT 

C4-2 cells. (A) mRNA expression normalized to GUSB of NRF2 and (B) KLF9 over the time course in each 
treatment group. (C) mRNA expression normalized to GUSB of HMOX1 and (D) NQO1 after 192 hours of 
treatment. All expression levels in each time point are relative to the control treatment group of its respective 
time point. Experiments were done in biological triplicate. The statistical analysis for the expression levels was 
performed using unpaired student t-tests. 
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3.5 Impact of BENSpm and MTDIA on a known polyamine exporter, SLC3A2 

The diamine transporter, SLC3A2, is a known exporter of acetylated polyamines. In previous 

experiments, there is a clear difference in the oxidase activity and raw levels of intracellular 

H2O2 in response to our metabolic treatments in WT LNCaP and C4-2 cells (Figure 5 & 9). We 

also observed that the overexpression of TXNRD2 in LNCaP cells failed to diminish drug 

induced accumulation of ROS or rescue growth compared to similarly infected C4-2 cells 

(Figure 10 & 11). We hypothesized that one possible cause of the disparity between the cell 

lines was that LNCaP cells could successfully upregulate export of polyamines via SLC3A2 

upon treatment with the combination of BENSpm and MTDIA whereas C4-2 cells did not. We 

performed RT-qPCR to assess mRNA expression levels of SLC3A2 in both LNCaP and C4-2 

cells in all groups after 192 hours of treatment. All samples were run at the same time and 

standardized to the housekeeping gene, GUSB so comparisons could be made between the 

absolute levels of SLC3A2 RNA expression. 

In LNCaP cells, there was high baseline expression of SLC3A2 relative to GUSB. Upon 

treatment with both BENSpm and the combination, there was significant induction of SLC3A2, 

2.3 and 1.9-fold greater than the control treatment respectively (Figure 14A, black bars). C4-2 

cells did not demonstrate high baseline expression or significant induction seen in LNCaP cells 

in any treatment group. Much like most of the other genes of interest, there was no significant 

increase or decrease compared to the control treatment in any group (Figure 14A, gray 

bars).When comparing the two cell lines, LNCaP cells had significantly higher baseline 

expression of SLC3A2 compared to C4-2 cells. The mean difference in the expression was 4.2-

fold higher in LNCaP compared to C4-2 (Figure 14A). 
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Figure 14: mRNA expression of SLC3A2 after 192 hours of our metabolic treatments in 
WT LNCaP and C4-2 cells. A: mRNA expression of SLC3A2 between the WT LNCaP and 
LNCaP C4-2 cell lines. Expression of each time point is relative to the housekeeping gene, 
GUSB. Experiments were done in biological triplicate. The statistical analysis for the 
expression levels was performed using multiple unpaired student t-tests (*: p<0.05, **: 
p<0.01). 

3.6 Role of TXNRD2 status and Antioxidant Capacity in Redox Balance 

The inability of TXNRD2 overexpression to diminish ROS accumulation in LNCaP is striking. 

TXNRD2 functions to reduce oxidized thioredoxins and proteins, thereby acting as a ROS 

scavenger in the mitochondria to maintain the REDOX homeostasis. Previous studies have 
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shown that C4-2 cells have a higher antioxidant capacity, and extracellular and intracellular 

redox state than in LNCaP cells.
119 

Additionally, as demonstrated in Figure 11, the fold change 

of ROS accumulation is higher following BENSpm and the combination treatment in LNCaP 

than in C4-2 cells. Therefore, the lower antioxidant capacity and increased ROS accumulation in 

LNCaP cells might explain why TXNRD2 overexpression was unable to rescue the ROS 

production and the antiproliferative effect. 

To test this hypothesis, we treated LNCaP and C4-2, plvp and TXNRD2 overexpressing cells 

with 25, 50, 75 and 100 µM H2O2 for 24 hours in the presence of 20 µM MTA and measured 

ROS and proliferation. 

We found that TXNRD2 overexpression was able to significantly reduce the amount of ROS 

accumulated in C4-2 cells across all treatment groups. However, for LNCaP, TXNRD2 

overexpression was only able to significantly diminish ROS accumulation (Figure 15A) in the 

25 and 50 µM treatment groups. TXNRD2 overexpressing LNCaP cells in the 75 and 100 µM 

treatment groups had 1.8 and 2.0-fold increased levels of ROS/cell number compared to baseline, 

similar to the 2.3 and 2.2-fold increases seen in LNCaP plvp control cell lines (Figure 15A, left 

panel). C4-2 plvp cells treated with 75 and 100 µM hydrogen peroxide respectively exhibited 1.9 

and 2.1-fold increases in ROS/cell number compared to the untreated group (Figure 15A, right 

panel). Unlike the plvp control cells, C4-2 cells overexpressing TXNRD2 showed no significant 

increases in ROS/cell number (Figure 15A, right panel). Interestingly, C4-2 plvp cells (0.074 

pmol/cell number) had higher average baseline levels of ROS than LNCaP plvp cells (0.045 

pmol/cell number). 

The results from the proliferation experiments mirrored those in the ROS experiments (Figure 

15B). As expected, increasing concentrations of hydrogen peroxide significantly reduced 
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proliferation in plvp control cells in both LNCaP and LNCaP C4-2 after 24 hours, with as much 

as a 52% and 49% respective reductions in the 100 µM treatment groups compared to untreated 

cells (Figure 15B, black bars). Successful rescue of proliferation in TXNRD2 overexpressing 

LNCaP cells was observed in the 25 and 50 µM treatment groups. The 75 and 100 µM treatment 

groups had 34 and 40% reductions in proliferation, respectively, and were not significantly 

different that the proliferation levels of LNCaP plvp cells (Figure 15B, left panel). Unlike 

LNCaP cells, TXNRD2 overexpression rescued at all measured doses in LNCaP C4-2 cells 

(Figure 11B, right panel). TXNRD2 overexpression significantly rescued cell proliferation in 

C4-2 cells in each treatment group, though the rescue was incomplete at 100 µM (Figure 15B, 

right panel). 

While the plvp control LNCaP and LNCaP C4-2 cells showed similar reductions in cell 

proliferation and concurrent fold-increases in ROS accumulation in the 75 and 100 µM treatment 

groups, C4-2 cells have 1.3 and 1.6-fold absolute levels of ROS compared to LNCaP cells 

(Figure 11A, left v. right panels, black bars). Interestingly, BENSpm and combination treatment 

led to ROS accumulation approximately 3-fold higher than observed with even 100M H2O2 

treatment in LNCaP cells (Figure 11B compared to Figure 15B). These results suggest that the 

threshold at which TXNRD2 overexpression can rescue ROS accumulation is higher in C4-2 

cells than in LNCaP cells. Moreover, these results indicate that the BENSpm and combination 

treatments result in ROS accumulation that exceeds this threshold in LNCaP, but not in C4-2. 
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Figure 15: Impact of Hydrogen Peroxide on ROS levels in plvp and TXNRD2 Overexpressing LNCaPand 
C4-2 cell lines. A: H O levels in plvp and TXNRD2 overexpressing LNCaP (Left Panel) and C4-2 (Right panel) 

2 2 

cells treated with 0, 25, 50, 75, and 100 µM H O at 24 hours. B: The percent proliferation of the plvp control and 
2 2 

TXNRD2 overexpressing LNCaP (Left Panel) and C4-2 (Right Panel) cells. All ROS experiments were done in 
biological triplicates while all proliferation assays were done in technical and biological triplicates. Statistical 
analysis of ROS/Cell number levels in these cell lines compares treatment groups to the control group using 
unpaired student t-tests (*: p<0.05, **:p<0.01, ***: p<0.001). 
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3.7 Impact of TXNRD2 status and ROS accumulation on the ROS Response 

Considering the disparity between transcriptional responses based on androgen status in the drug 

treatment experiments, we also wanted to further explore the possible role of Nrf2 and its target 

pathway in response to the accumulation of ROS and how TXNRD2 overexpression impacts 

Redox balance in LNCaP and LNCaP C4-2 cells. We performed RT-qPCR for the same genes 

involved in Redox balance as in our previous experiments: Nrf2, and its targets KLF9, HMOX1, 

and NQO1. 

We found that the only alterations in expression in LNCaP plvp cells were a small but significant 

decreases in Nrf2 and KLF9 expression and an increase in HMOX1 with 50M H2O2 (Figure 

16A-C). Importantly, overexpression of TXNRD2 prevented these changes (Figure 16A-C). 

These results differ than what was observed in WT LNCaP cells treated with MTDIA, BENSpm, 

and their combination, where Nrf2, HMOX1, and KLF9 mRNA levels were significantly 

increased at the 8, 8, and 2 day time points in BENSpm and combination treated cells 

respectively (Figure 12A-D). In C4-2 plvp cells, there was significant and progressive increased 

expression of Nrf2, HMOX1, KLF9, and NQO1 in the 75 and 100 µM treatment groups (Figure 

17A-D, black bars). Nrf2 expression, while statistically significant, only increases 1.2-fold in the 

75 and 100 µM treatment groups (Figure 17A). Increases in KLF9 expression shown in Figure 

12B is also similarly slight (1.3-fold in 75 and 100 µM treatment groups). HMOX1 shows 

increases in expression by 1.5 and 1.6-fold in 75 and 100 µM treatment groups respectively 

(Figure 17C). The greatest induction in gene expression in response to treatment with hydrogen 

peroxide was seen when testing NQO1, with fold increases of 1.8 and 2.2 in 75 and 100 µM 

treatment groups respectively (Figure 17D). TXNRD2 overexpression prevents the H2O2 

induced increases in NRF2, KLF9 and HMOX, but not NQO1 (Figure 17A-D). 
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Figure 16: Effect of Hydrogen Peroxide on mRNA levels of Nrf2, KLF9, HMOX1, and NQO1 in plvp and 
TXNRD2 Overexpressing LNCaPcells.A: mRNA expression of Nrf2 in LNCaP plvp and TXNRD2 
overexpressing lines normalized to GUSB levels. B: mRNA expression of KLF9 in LNCaP plvp and TXNRD2 
overexpressing lines normalized to GUSB levels. C: mRNA expression of HMOX1 in LNCaP plvp and TXNRD2 
overexpressing lines normalized to GUSB levels. D: mRNA expression of NQO1 in LNCaP plvp and TXNRD2 
overexpressing lines normalized to GUSB levels. All data is relative to each respective line’s untreated control. 
Experiments were done in biological and technical triplicate. The statistical analysis for the expression levels was 
performed using unpaired student t-tests (*: p<0.05, **: p<0.01, ***: p<0.001). 
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Figure 17: Effect of Hydrogen Peroxide on mRNA levels of Nrf2, KLF9, HMOX1, and NQO1 in plvp and 
TXNRD2 Overexpressing LNCaP C4-2 cells. A: mRNA expression of Nrf2 in C4-2 plvp and TXNRD2 
overexpressing lines normalized to GUSB levels. B: mRNA expression of KLF9 in C4-2 plvp and TXNRD2 
overexpressing lines normalized to GUSB levels. C: mRNA expression of HMOX1 in C4-2 plvp and TXNRD2 
overexpressing lines normalized to GUSB levels. D: mRNA expression of NQO1 in C4-2 plvp and TXNRD2 
overexpressing lines normalized to GUSB levels. All data is relative to each respective line’s untreated control. 
Experiments were done in biological and technical triplicate. The statistical analysis for the expression levels was 
performed using unpaired student t-tests (*: p<0.05, **: p<0.01, ***: p<0.001). 
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In comparison to Figure 15B, we see complete proliferative rescue by TXNRD2 overexpression 

in C4-2 cells at increasing concentrations of H2O2 up to 50 M. At those concentrations, there 

are no transcriptional changes. However, with decreasing efficiency of rescue at 75 and 100M, 

we begin to observe significant transcriptional responses (Figure 17). These results suggest that 

the transcriptional response to the accumulation of ROS shifts the Redox balance towards a pro-

oxidant one and contributes towards an anti-proliferative effect in C4-2 cells once a certain 

threshold of ROS accumulation is reached. Also, TXNRD2 overexpression ameliorates this 

Redox imbalance. 

To further delve into the differences seen between androgen sensitive and androgen independent 

cell lines, we compared absolute baseline levels (0 µM H2O2) of mRNA expression in all genes 

tested as well as throughout the treatment course with hydrogen peroxide. Interestingly, in 

LNCaP plvp cells, absolute baseline expression levels of Nrf2 (3.6-fold), KLF9 (3.2-fold), 

HMOX1 (1.5-fold), and NQO1 (1.8-fold) are all greater relative to C4-2 plvp cells (Figure 18A-

D, black v. black striped bars). Nrf2 and KLF9 expression levels are higher in LNCaP plvp cells 

in all treatment groups (Figure 18A-B). HMOX1 levels are significantly higher in the 25 and 50, 

and 100 µM treatment groups (Figure 18C). HMOX1 levels were also significantly increased at 

8 days in BENSpm and combination treated WT LNCaP cells relative to WT C4-2 cells (Figure 

12C). NQO1 expression levels are higher in the 25 and 50 µM treatment groups relative to C4-2 

plvp cells (Figure 18D, black v. black striped bars). Lastly, relative to C4-2 plvp cells, TXNRD2 

overexpression in LNCaP cells had an impact on the absolute levels of certain ROS-responsive 

genes in this Nrf2-regulated pathway. Nrf2 (1.4-fold) and KLF9 (4.1-fold) expression levels are 

higher in LNCaP cells overexpressing TXNRD2 than in C4-2 cells overexpressing TXNRD2 

(Figure 18A-B, red v. red striped bars). Absolute baseline levels of Nrf2 and NQO1 were greater 
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in LNCaP plvp cells compared to TXNRD2 overexpressing LNCaP cells (Figure 18A, D, solid 

black v. solid red bars). This also held true across all treatment groups for Nrf2, all treatment 

groups except for baseline in HMOX1, and the 25, 50, and 100 µM treatment groups in NQO1 

(Figure 18A,C,D, solid black v. solid red bars). The increased absolute levels of Nrf2 and its 

target genes in the androgen-sensitive LNCaP cell line compared to the androgen independent 

LNCaP C4-2 cell line can be explained by these genes being androgen regulated. The lack of 

transcriptional response seen in LNCaP cells could be due to post-transcriptional regulation of 

Nrf2 and its target genes. An alternative explanation might be that the treatments did not result in 

transcriptionally responsive threshold of ROS accumulation. Even though we reached a threshold 

of ROS accumulation that led a reduction of proliferation at certain concentrations of H2O2, in 

our drug treatment experiments (Figure 11B), ROS levels were up to 3-fold higher when we 

observed transcriptional response to ROS accumulation. 
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Figure 18: Comparison of absolute mRNA levels of Nrf2, KLF9, HMOX1, and NQO1 in plvp and 
TXNRD2 Overexpressing LNCaPand C4-2 cells. A: mRNA expression of Nrf2 in LNCaP and C4-2 

PLVP cell lines (Left panel), LNCaP and C4-2 TXNRD2 overexpressing lines (Right panel) normalized to 
GUSB levels. B: mRNA expression of KLF9 in LNCaP and C4-2 PLVP cell lines (Left panel), LNCaP and 
C4-2 TXNRD2 overexpressing lines (Right panel) normalized to GUSB levels. C: mRNA expression of 
HMOX1 in LNCaP and C4-2 PLVP cell lines (Left panel), LNCaP and C4-2 TXNRD2 overexpressing 

lines (Right panel) normalized to GUSB levels. D: mRNA expression of NQO1 in LNCaP and C4-2 PLVP 
cell lines (Left panel), LNCaP and C4-2 TXNRD2 overexpressing lines (Right panel) normalized to GUSB 
levels. mRNA levels are all relative to C4-2 plvp untreated control cells for each respective gene. 
Experiments were done in biological and technical triplicate. The statistical analysis for the expression 
levels was performed using unpaired student t-tests (*: p<0.05, **: p<0.01, ***: p<0.001). 
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Section 4: Discussion, Conclusions, 

Limitations, and Future Directions 
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4.1 Discussion and Conclusions 

Our novel combination exploits a metabolic vulnerability in prostate cancer. The uniquely high 

rate at which prostate cancer cells produce and export polyamines places stress on connecting 

metabolic pathways to replenish these essential metabolite pools. This is exacerbated by 

BENSpm treatment which acts as a polyamine analogue to stimulate flux through polyamine 

biosynthesis by its direct interaction with SSAT. At the same time, we prevent the primary 

method of relieving that strain by inhibiting the methionine salvage pathway via MTDIA 

treatment. Our combination induces a metabolic crisis in an already strained system resulting in 

an anti-proliferative effect which progresses into a cytotoxic effect over prolonged treatment. 

Results from these studies assist in elucidating the mechanism of action behind the observed 

anti-proliferative and cytotoxic effect of the novel, synergistic combination therapy of BENSpm 

and MTDIA in androgen sensitive and castration resistant prostate cancer cell lines. We found 

that upon treatment with BENSpm and our combination, the activity of PAOX and SMOX 

increased in both LNCaP and C4-2 cells (Figure 1). PAOX is responsible for the cleavage of the 

acetylated polyamines into their non-acetylated precursors which produces the polyamine, an 

aldehyde, and a molecule of hydrogen peroxide. SMOX catalyzes the catabolism of non-

acetylated spermine into its precursor, spermidine.
26 

In agreement with these findings and those 

of previous studies claiming that the induction of SSAT via BENSpm also induces SMOX and 

the accumulation of ROS, intracellular H2O2 levels increased in both cell lines when treated with 

43,81-82 
our combination (Figure 5). Interestingly, while the fold-increases in PAOX and SMOX 

activity in C4-2 were greater, LNCaP cells accumulated a greater amount of H2O2 per cell. We 

also saw that transcription of the key oxidases changes in response to our treatments over time in 

both cell lines to varying degrees, as does protein expression (Figures 2-4). However, in general, 
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regulation of the polyamine oxidases in LNCaP cells remained the most responsive to our 

treatments compared to C4-2 cells. In LNCaP cells where we see the greatest amount of H2O2 

accumulation, treatment with BENSpm and our combination leads to a great increase in mRNA 

expression of SMOX across the time course. In C4-2 cells, there is only a slight increase in the 

mRNA level of SMOX after 192 hours of treatment. Unlike SMOX, we did not see the same 

increases in mRNA expression at 192 hours post-treatment for PAOX in either LNCaP or C4-2 

cells. However, in LNCaP cells, with BENSpm and combination treatment, mRNA expression of 

PAOX was increased at 48 hours post-treatment. 

Our treatments induced a state of oxidative stress in both cell lines. As seen in Figure 8, in an 

effort to avoid damage caused by this stress, LNCaP cells upregulated the expression of Nrf2, a 

key master regulator in the antioxidant response element signaling pathway, as well as one of its 

targets, an indicator of oxidative stress, HMOX1.
107 

Also, in line with previous findings of 

Zucker et al., in LNCaP cells, a certain threshold of ROS was reached and Nrf2 upregulated 

mRNA expression of Klf9, whose overexpression in cells leads to increases in intracellular ROS 

(Figure 8).
111 

Due to C4-2 cells exhibiting lesser levels of H2O2/cell number compared to LNCaP 

(Figure 5), this threshold of ROS was never reached and could explain why Nrf2, as well as its 

target genes were unresponsive to our treatments (Figure 9). One reason that this threshold of 

ROS may not have been reached in C4-2 relates to the findings of a previous report regarding 

antioxidant capacities in various prostate cancer cell lines.
119 

They claimed that C4-2 cells 

possessed a greater total antioxidant capacity than LNCaP cells, a measure taking into account 

intra- and extracellular glutathione/glutathione disulfide ratios, as well as external nitrite levels. 

A higher total antioxidant capacity would allow C4-2 cells to clear the accumulating ROS more 

readily than in LNCaP cells. This could also be driven by the androgen status of the cell lines. 
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One study had concluded that in aggressive, androgen independent C4-2B cells, Nrf2 expression 

was low while its negative regulator, Nrf1, was higher compare to androgen sensitive LNCaP 

cells.
120 

High amounts of negative regulation of Nrf2 in androgen independent, aggressive cell 

lines may also diminish or prevent upregulation of Klf9 and, by extension, intracellular ROS. 

We also hypothesized that the cell lines handled the accumulation of polyamines differently 

which could contribute to the difference in response to treatment. Previously, we have shown 

that BENSpm and the combination treatment increased the amount of exported acetylated 

polyamines to a greater degree in androgen sensitive cells (LNCaP and LAPC4 cells). To support 

those previous findings, we demonstrated that LNCaP cells have a greater potential for 

polyamine exportation as BENSpm and combination treatments led to increased mRNA levels of 

the polyamine exporter, SLC3A2. This was not seen in C4-2 cells (Figure 10). Absolute levels of 

SLC3A2 were also higher in LNCaP than in C4-2 cells. It is known that the expression of 

SLC3A2 is androgen-responsive.
121 

This increase could serve as a compensatory response to 

large amounts of accumulating polyamines due to the mechanism of action of our combination 

122-123 
treatment. It is known that polyamines also protect against oxidative stress. With a 

significantly lower total antioxidant capacity in LNCaP cells, the lack of protective polyamines 

via increased exportation and increased catabolism could explain the greater amounts of H2O2 

accumulation seen. Polyamines that would normally serve to protect from ROS are being 

exported or catabolized to generate ROS instead. In contrast, C4-2 cells experience greater 

amounts of intracellular polyamine accumulation. Along with the higher fold-increases in 

activity of the key polyamine oxidases PAOX and SMOX when treated with BENSpm and our 

combination as seen in figure 1, the greater availability of substrate allows for higher flux 

through catabolic reactions which produce toxic aldehydes and ROS. Both of these systems 
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implicate ROS as having direct responsibility in the treatment-induced anti-proliferative effect in 

both cell lines. 

To further explore if the increase in accumulation of ROS due to our treatment is responsible in 

the anti-proliferative effect, we overexpressed TXNRD2, a ROS clean-up enzyme in both cell 

lines (Figure 6). We were able to rescue proliferation levels and reduced ROS accumulation in 

C4-2 cells treated with BENSpm and our combination, but not in LNCaP cells. From this 

experiment, we could conclude that ROS plays a role in the anti-proliferative effect in C4-2 cells, 

but not in LNCaP cells as results were inconclusive. This result was surprising considering how 

polyamine oxidase activity and mRNA expression increased (Figure 2 & 3), as well as the 

antioxidant signaling axis being much more responsive in LNCaP cells in response to treatment 

(Figure 8). We pursued possible reasons why TXNRD2 overexpression failed to rescue growth 

or mitigate ROS accumulation. The aforementioned reduced total antioxidant capacity as well as 

increased accumulation of ROS in comparison to C4-2 led us to treat our TXNRD2 

overexpressing cells with increasing concentrations of H2O2 to observe how proliferation, ROS 

accumulation, and redox balance is altered in both LNCaP and C4-2 cells. We observed that, 

similar to the experiments performed with metabolic drug treatments, overexpression of 

TXNRD2 diminished ROS accumulation as well as the anti-proliferative effect in the androgen 

independent C4-2, but not in the androgen sensitive LNCaP cell line at higher concentration of 

H2O2 (Figure 11). TXNRD2 overexpression in C4-2 cells led to a reduction of ROS 

accumulation to control levels with all treatments. C4-2 cells also showed complete rescue of 

proliferation up to 75 µM H2O2 and partial rescue at 100 M H2O2. Interestingly, we did observe a 

reduction in ROS accumulation and a rescue of cell proliferation in LNCaP cells overexpressing 

TXNRD2 when treated with 25 and 50 µM of H2O2, which was lost with higher concentrations of 
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H2O2. These results mirrored a previous report that C4-2 cells had a higher antioxidant capacity 

than LNCaP cells.
119 

Together this suggested that the threshold at which TXNRD2 

overexpression can rescue ROS accumulation is higher in C4-2 cells, and that the failure to 

rescue in LNCaP is due to their lower antioxidant capacity and the higher level of ROS induced. 

Although the results of the TXNRD2 overexpression experiments are inconclusive in LNCaP 

cells, it seems that accumulation of ROS leads to an anti-proliferative effect, as well as a shift in 

Redox balance towards a pro-oxidant one in empty vector control cells. We also see that the 

transcriptional response to ROS accumulation by Nrf2 and its target genes can be dependent on 

reaching a certain threshold of ROS. Expression of Nrf2 and its targets in the antioxidant 

signaling axis were largely unresponsive to H2O2 treatment in LNCaP cells where ROS levels 

were 3-fold lower than what was seen with BENSpm and MTDIA treatment (Figure 5, 11, & 

12). Unlike WT C4-2 cells treated with our novel combination, mRNA expression of key 

enzymes involved in redox balance was increased in response to the accumulation of ROS in 

plvp C4-2 cells treated with hydrogen peroxide (Figure 9 v. Figure 13). This was surprising 

because we know that there are larger amounts of negative regulation of Nrf2 in more aggressive 

prostate cell lines.
120 

Despite the statistical significance relative to untreated controls, the fold 

increases in mRNA expression in Nrf2, Klf9, and HMOX were minor. Levels of intracellular 

H2O2 accumulation were also similar between WT C4-2 and C4-2 plvp cells, so the differences 

in transcriptional response cannot be attributed to a threshold being reached in C4-2 plvp cells 

but not in WT C4-2 cells. 

Androgen and TXNRD2 status also had an effect on baseline levels of these ROS-responsive 

genes. The androgen sensitive LNCaP cell line had higher baseline levels of key ROS-responsive 

genes compared to the androgen independent C4-2 cells (Figure 14). TXNRD2 overexpression in 
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LNCaP cells led to lower mRNA levels of Nrf2, HMOX1, and NQO1 at the baseline and most 

treatment groups compared to LNCaP plvp cells (Figure 14). 

While BENSpm was a very effective single-agent treatment in inducing the key polyamine 

oxidases as well as the accumulation of ROS, MTDIA failed to do so. Interestingly, while we 

have shown previously the synergistic nature of our combination in the anti-proliferative effect 

in LNCaP and C4-2 cells, the combination does not have additional benefit compared to 

BENSpm in the accumulation of ROS, increase of transcription and activity of SMOX and 

PAOX, and induction of the ARE. These findings suggest the importance of the stabilization of 

SSAT and induction of SMOX by BENSpm, as well as alluding to MTDIA as having alternative 

ways to directly impact the anti-proliferative effect as a single-agent. 

Overall, this work outlines the mechanism of action behind the anti-proliferative effect observed 

with our novel combination therapy. Polyamine levels, expression levels of SMOX and PAOX, 

as well as Nrf2 and its targets in the ARE could serve as valuable predictors of response to our 

therapies. While there may be unique ways in which different cells respond to the increase in 

oxidative stress from the accumulation of ROS, they experience similar amounts of cytotoxicity 

on the same time line. As polyamines are essential for survival, the minority of prostate cancers 

which have MTAP deletions could still benefit from BENSpm treatment alone. We showed that 

BENSpm can yield similar amounts of cytotoxicity as our combination. Therefore, treating with 

BENSpm in prostate cancers which depend on polyamine biosynthesis and cannot recycle MTA 

should lead to the same metabolic crisis seen in the majority of prostate cancers which retain 

expression of MTAP. We were able to successfully leverage a metabolic vulnerability in prostate 

cancer that isn’t dependent on the androgen axis. We have demonstrated in vitro that our 

combination therapy is efficacious in the androgen sensitive and castration resistant settings. 
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This is important for future clinical considerations because not only could this treatment 

supplement ADT, the current standard of care, but it would also benefit those who have recurred 

with CRPC. While there is a need to develop treatments for metastatic and castration-resistant 

prostate cancer, use of our therapy in the primary setting alongside ADT could prevent or delay 

recurrence. 
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4.2 Limitations and Future Directions 

Although we were able to address the central aim of the study, there were limitations. First, due 

to constraints on time, the Western Blots for SMOX and PAOX across the time course in both 

cell lines were only conducted in biological singlets. Additional replicates should be done to 

more accurately describe how protein expression of SMOX and PAOX change over time. 

Repeating the singlet western blot for SMOX expression at 48, 96, and 192 hours in C4-2 cells 

would also clarify if the very low amount of expression depicted at 96 hours of treatment was a 

technical/transfer error. 

Along with a more robust coverage of protein expression in the key oxidases, protein expression 

of Nrf2 and its targets in the ARE would also be beneficial to encapsulate the true response to 

ROS accumulation above the threshold necessary to see an effect. We could also approximate 

the ROS threshold for induction of the ARE. This would help strengthen the explanation for the 

lack of response of WT C4-2 cells relative to WT LNCaP cells, as well as the disparity between 

WT LNCaP and LNCaP plvp cells. It could also assist in evaluating if the minor increases in 

transcription of the ARE in C4-2 plvp cells relative to WT C4-2 cells translates to increased 

protein expression. It is important to note that when visualizing Nrf2 expression, western blots 

must show cytosolic and nuclear Nrf2. Nrf2 is sequestered in the cytosol and bound by Keap1 at 

certain levels of ROS.
109 

In our system, we would expect to see higher expression of nuclear 

Nrf2 in our BENSpm and combination treated samples where we believe the threshold of ROS 

accumulation has been reached. 

Keap1 has also been targeted for inhibition in previous studies non-prostate settings using a 

124-125 
compound named bardoxolone methyl. Despite progressing into various clinical trials in 

different phases, recruitment has been suspended in two studies and four have been suspended or 
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withdrawn due to safety concerns involving cardiac events. 
126

If bardoxolone methyl synergized 

with our combination therapy at doses low enough to not cause significant patient toxicity, we 

could utilize both treatments in CRPC patients who aren’t thought to surpass thresholds of ROS 

accumulation. This could trigger Nrf2 nuclear translocation and ARE activation to further 

exacerbate oxidative stress and enhance the anti-proliferative effect. 

Also, SLC3A2 western blots should be conducted in both cell lines to confirm that the increased 

expression of mRNA seen in LNCaP also translates to protein expression. Being able to visualize 

protein expression of SLC3A2 in the two different settings would bolster conclusions made in 

this study as well as past findings regarding how both cell lines deal with ROS and polyamine 

accumulation differently. 

Next, we only overexpressed TXNRD2 via a lentiviral vector. We originally had planned to also 

pharmacologically reduce ROS in effort to rescue growth using N-acetylcysteine (NAC), another 

ROS scavenger. However, when determining experimental conditions, we only provided doses 

of NAC that acidified the culture media significantly. This led to issues with cell proliferation 

and ROS accumulation as our treatments were for 8 days when most experiments utilizing NAC 

in previous studies used it over shorter periods of time (24-48 hours). We originally diluted NAC 

in both water and PBS, but neither successfully mitigated acidification of the media. In the 

future, we could attempt using a buffering agent like sodium bicarbonate, as well as try other 

antioxidants. One such antioxidant is MitoTEMPO (Sigma-Aldrich, SML0737). One advantage 

of MitoTEMPO is that it targets mitochondrial superoxide. This mirrors the function of 

TXNRD2 which specifically scavenges ROS in the mitochondria. Having both genetic and 

pharmacologic methods to reducing intracellular ROS would allow for a more complete 

perspective on if ROS plays a role in the anti-proliferative effect seen when treating with our 
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combination. Finally, we only overexpressed TXNRD2 in effort to reduce the accumulation of 

ROS. Due to its function being limited to mitochondrial ROS, overexpressing a different ROS 

clean-up enzyme such as TXNRD1, which scavenges cytoplasmic ROS, could allow for a 

greater reduction of ROS. 

While treatment with MTDIA may not directly lead to the induction of the oxidases or 

accumulation of ROS, our candidate approach may not have encompassed areas where MTDIA 

may have therapeutic effects as a single-agent. In the future, broader approaches employing 

transcriptomics, proteomics, or metabolomics could shed light on MTDIA’s impact on the 

system. The MSP maintains methionine and SAM pools in the cell. We have shown previously 

that SAM:SAH ratios decrease in androgen sensitive cell lines (LNCaP and LAPC4). Disrupting 

those metabolite pools could have detrimental effects to the cells as SAM is critical in 

methylation processes in the cell.
49 

Future studies could also explore possible epigenetic 

consequences (DNA and histone methylation) of inhibition of methionine salvage in prostate 

cancer to further evaluate MTDIA’s contribution to the observed synergistic anti-proliferative 

effect. 

An additional future direction for this study would be to determine ROS levels and cell 

proliferation after knocking down SMOX and PAOX. This could implicate these oxidases as 

having a direct role in producing the ROS responsible for the anti-proliferative effect. These 

experiments could also highlight one oxidase having more of a significant role in producing ROS 

relative the other, or that the degree which they are responsible for producing ROS is specific to 

androgen status. These finding could have implications in future targeted therapies. 

Also, while our experiments involving increasing concentrations of H2O2 only lasted 24 hours, 

the experiments involving our metabolic treatments went out 8 days. While we were able to 
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observe an adequate anti-proliferative effect in our H2O2 experiments, the amount of H2O2 

accumulation was low in comparison to our metabolic experiments. It would be interesting to 

titrate our dosing of H2O2 to achieve similar levels of cytotoxicity and ROS accumulation at the 

highest dose, but treat for 8 days like our metabolic treatments and see if that changes mRNA 

expression patterns in LNCaP and C4-2 cells. 

Finally, it would be interesting to investigate how well expression of the key oxidases, or Nrf2 

and its targets in the ARE predict response to treatment. We have successfully demonstrated that 

our treatments induced apoptosis in an ex vivo model using radical prostatectomy samples from 

patients at Roswell Park. Future studies using ex vivo models could examine expression or 

activity of SMOX and PAOX in patient tumor samples. We could generate a score and stratify 

patient samples into groups based how responsive they were to our treatments. If we could 

predict outcomes with great confidence, the scoring system would assist future patients as our 

metabolic treatment would be utilized in patients we predict to respond best. 
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