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 Sulforaphane is an isothiocyanate derived from cruciferous vegetables 

and has been under investigation as a cancer chemopreventive agent for over 

two decades. The compound is well tolerated and has been shown to slow 

cancer progression in several different pre-clinical models of carcinogenesis, 

such as of the lung, breast and colon. Recent work has suggested that 

sulforaphane may also slow cancer growth and progression in a pre-clinical 

model of prostate carcinogenesis. Prostate cancer accounted for approximately 

14% of all new cancer diagnoses in 2014, making it the most commonly 

diagnosed type of cancer. Developing sulforaphane as a cancer therapeutic 

agent could provide an inexpensive and safe new treatment option to delay 

prostate cancer onset and to reduce the number of new diagnoses for this 



 

 

common cancer. In addition, gaining a mechanistic understanding of how 

sulforaphane slows prostate cancer progression could identify new protein 

targets for therapeutic development. 

 Previous work utilizing human prostate cancer cell lines has identified 

many proteins and signaling pathways that respond to sulforaphane and have 

subsequently been proposed as contributors to prostate cancer suppression by 

sulforaphane (i.e. mechanistic targets). However, a majority of previous 

investigations charactering the response to sulforaphane in prostate cancer cells 

utilize sulforaphane at concentrations above what any prostate cancer cell will 

experience in vivo and/or for treatment periods that are not consistent with what 

we know about sulforaphane pharmacokinetics, tissue distribution and 

elimination. There is therefore a critical need to characterize the response to 

sulforaphane in prostate cancer cells under conditions that adhere to in vivo 

concentration and pharmacokinetics if we are to understand how sulforaphane 

may slow prostate cancer progression. To address this issue we carried out a 

series of in vitro investigations under conditions to mimic an in vivo exposure and 

explored the potential contribution of two cellular processes on sulforaphane-

mediated suppression, chromatin regulation and autophagy. 

 Previous research has suggested that sulforaphane stimulates the 

turnover of the chromatin-modifying enzymes class I histone deacetylase 3 and 

DNA-methyltransferases. These enzymes modify chromatin in protein complexes 

that include the enzymes that control histone methylation, suggesting that 

changes in histone deacetylase and DNA-methyltransferase protein levels may 

influence histone methylation levels. We therefore tested whether sulforaphane 

treatment leads to changes in global histone methylation levels. We found that 

sulforaphane leads to a transient decrease in histone H3 lysine 9 trimethylation 

levels, a mark that is controlled by the enzyme SUV39H1. Sulforaphane 

treatment led to posttranslational modification of SUV39H1 that coincided with its 

dissociation from chromatin. These novel findings suggest histone methylation 

may have a role in the cellular response to sulforaphane. 



 

 

 Several investigations have suggested that autophagy is involved in 

influencing the cellular response to sulforaphane in prostate cancer cells in vitro 

and in vivo; however, previous work has not specifically addressed autophagic 

flux. In addition, sulforaphane has been proposed to decrease the level of 

histone deacetylase 6 (HDAC6) and HDAC6 has recently be shown to be 

required for efficient autophagic flux in mouse embryonic fibroblasts. We 

therefore tested whether sulforaphane or HDAC6-inhibition decreases 

autophagic flux in prostate cancer cells. We found that sulforaphane stimulates 

autophagic flux in metastatic prostate cancer cells at high concentrations. An 

assessment of HDAC6-interacting proteins in LNCaP metastatic prostate cancer 

cells showed HDAC6 interacts with proteins associated with autophagy. 

However, HDAC6-inhibition with the small molecule tubacin did not influence 

autophagic flux, suggesting metastatic prostate cancer cells do not require 

HDAC6 activity for autophagy. 

 Changes in gene transcription in response to sulforaphane have been 

used to infer the outcome of sulforaphane treatment. However, sulforaphane can 

lead to a rapid decrease in global protein synthesis in some prostate cancer cell 

lines. This suggests that using gene transcription to infer the outcome of 

sulforaphane treatment may be misleading if transcripts are not efficiently 

translated into proteins. To address this issue we applied proteomics to directly 

assess the global protein profile of LNCaP cells in response to sulforaphane. We 

found that sulforaphane does not lead to a global remodeling of the proteome 

following sulforaphane treatment in this cell type. Proteomics did, however, 

identify proteins that have not previously been implicated in LNCaP cell 

maintenance (e.g. TRIAP1). We show that TRIAP1 influences LNCaP cell 

proliferation, and thus show that proteomics can be used to identify novel 

candidate therapeutic targets in metastatic prostate cancer cells. 

 The central findings from this dissertation work suggest that sulforaphane 

does not directly influence key outcomes (e.g. apoptosis, autophagy) that have 

been associated with sulforaphane treatment in metastatic prostate cancer cells 



 

 

when treatment concentrations and exposure times are made to conform to in 

vivo sulforaphane pharmacokinetics. This is important in understanding how 

sulforaphane may lead to prostate cancer suppression because it suggests the 

involvement of important in vivo factors that mediate suppressive activity. Future 

in vivo work that builds off the results presented in this dissertation will be 

important for the further development of sulforaphane as a prostate cancer 

therapeutic agent. 
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1.1 Abstract 

 Epidemiological evidence has demonstrated a reduced risk of prostate 

cancer associated with cruciferous vegetable intake.  Follow-up studies have 

attributed this protective activity to the metabolic products of glucosinolates, a 

class of secondary metabolites produced by crucifers.  The metabolic products of 

glucoraphanin and glucobrassicin, sulforaphane and indole-3-carbinol 

respectively, have been the subject of intense investigation by cancer 

researchers.  Sulforaphane and indole-3-carbinol inhibit prostate cancer by both 

blocking initiation and suppressing prostate cancer progression in vitro and in 

vivo.  Research has largely focused on the anti-initiation and cytoprotective 

effects of sulforaphane and indole-3-carbinol through induction of Phase I and 

Phase II detoxification pathways.  With regards to suppressive activity, research 

has focused on the ability of sulforaphane and indole-3-carbinol to antagonize 

cell signaling pathways known to be dysregulated in prostate cancer.  More 

recent investigations have characterized the ability of sulforaphane and indole-3-

carbinol derivatives to modulate the activity of enzymes controlling the epigenetic 

status of prostate cancer cells.  In this review we will summarize the well-

established, “classic” non-epigenetic targets of sulforaphane and indole-3-

carbinol, and highlight more recent evidence supporting these phytochemicals as 

epigenetic modulators for prostate cancer chemoprevention. 

 

1.2 Introduction 

 Global cancer diagnoses are predicted to increase for the foreseeable 

future, with a key contributor being an aging world population.  Although age is a 

strong risk factor for cancer, many other variables also influence the relative risk 

of disease development.  Lifestyle and dietary choices are two factors that have 

a prominent role in cancer risk; however, given the combination of individual 

genetic variation and variability in lifestyle and dietary choices, it is extremely 

difficult to identify discrete factors that have a consequential role in disease risk.  
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Population-wide study of individuals whose characteristics vary can provide 

correlative data that can then be used to develop testable hypotheses.  This 

strategy has proven useful in identifying dietary components associated with 

decreased cancer risk.  A growing number of epidemiological studies have drawn 

an association between cruciferous vegetable intake and decreased prostate 

cancer risk (1, 2).  Further epidemiological analysis stratifying specifically on 

glucosinolate intake (a class of natural compounds produced by crucifers) 

identified a significant inverse trend with prostate cancer risk (3).  Controlled 

experimentation with glucosinolate derivatives, such as sulforaphane and indole-

3-carbinol (I3C), has characterized inhibitory and cytotoxic activity in prostate 

cancer cells and animal model systems and has provided a mechanistic 

explanation for how crucifers are causative in lowering cancer risk. 

Prostate cancer is the second most commonly diagnosed cancer in men 

worldwide.  However, clinical prostate cancer incidence by nation shows 

considerable variability.  In general, Western nations tend to have a high 

incidence of prostate cancer, while Asian nations are characterized by a low 

incidence.  In the United States, prostate cancer is predicted to account for 

28.5% of all male cancer diagnoses in 2012, affecting over 240,000 men (154 

per 100,000) (4), whereas the rate in Asian nations can be up to ten fold lower 

(5).  Diet and lifestyle are thought to be primary contributors to the difference in 

prostate cancer rates between Western and Asian nations.  The proposed 

influence of diet on prostate cancer rate is supported by studies showing 

convergence with Western prostate cancer rates in Asian immigrant communities 

in the United States (6, 7).  With regard to cruciferous vegetable intake, Asian 

nations tend to consume much higher amounts per person than Western nations 

(8), suggesting crucifer intake may be an important diet and lifestyle factor 

contributing to differences in prostate cancer risk. 

The cruciferous vegetable family (Brassicaceae) includes many 

vegetables that are found in the diet – from broccoli, Brussels sprouts, and 
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cauliflower, that are common in the Western diet, to daikon, watercress, and bok 

choy that are more common in Asian cuisine.  Cruciferous vegetables contain a 

number of glucosinolates whose presence and relative abundance are specific to 

each species and even to specific cultivars (9).  Glucosinolates are the natural 

plant chemicals (phytochemicals) that give rise to bioactive species.  They are 

cleaved by the endogenous plant enzyme myrosinase to yield active 

phytochemicals that possess varying degrees of anti-cancer activity.  Two 

phytochemicals that have drawn a significant amount of attention are 

sulforaphane and I3C.  In this review, we will highlight the ability of these 

phytochemicals to inhibit prostate cancer, focusing on their post-initiation 

suppressive activity.  Finally, we will discuss more recent data characterizing 

activity as epigenetic modulators. 

 

1.3 Metabolism and Bioactivity of Sulforaphane and Indole-3-Carbinol 

Following consumption, glucosinolates are cleaved by plant-derived 

myrosinase when the plant wall is disrupted by chewing, and, to a lesser extent, 

by gut microbial myrosinases to release sulforaphane and I3C from their 

precursors.  Sulforaphane and I3C then undergo further post-consumption 

modification, with sulforaphane undergoing enzymatic metabolism via the 

mercapturic acid pathway, and I3C undergoing spontaneous self-condensation 

and polymerization in the gut and possibly in the plasma (Figure 1.1).  It is the 

post-consumption products of these glucosinolates that possess anti-cancer 

activity.  Experimentation has demonstrated multi-targeted inhibitory effects that 

both block cancer formation and suppress prostate cancer growth. 

 

1.3.1 Sulforaphane 

 Sulforaphane and its metabolites are the principal bioactive 

phytochemicals derived from broccoli and broccoli sprouts.  Sulforaphane is 

present as the glucosinolate glucoraphanin in cruciferous vegetables.  
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Glucoraphanin is cleaved by the endogenous plant enzyme myrosinase into 

sulforaphane and glucose when the enzyme and glucosinolate are brought into 

contact (Figure 1.1A).  Once released, sulforaphane is available for uptake in the 

human gut.  Sulforaphane is then metabolized through the mercapturic acid 

pathway, producing several metabolic products (Figure 1.1B). 

Human feeding studies have determined the absorption and kinetics of 

sulforaphane metabolism in vivo.  Sulforaphane is rapidly taken up and 

metabolized by the body, reaching a plasma concentration peak within ~ 2 hours 

of consumption (10).  Absorption and kinetics in animal models is consistent with 

the human data; both human and animal feeding studies have shown clearance 

of sulforaphane and its metabolites from the plasma within 24 hours of ingestion, 

and evidence in animal models suggests tissue accumulation may be possible 

following repeated ingestion (10-12). 

Although post-consumption sulforaphane levels in human prostate tissue 

have not yet been evaluated, there are several lines of evidence that suggest 

sulforaphane does reach the prostate and causes changes in cellular processes.   

Work in rodent models has demonstrated that sulforaphane and its metabolites 

reach prostate tissue after oral administration.  Clarke et al. showed the presence 

of sulforaphane metabolites in the prostates of mice 2 and 6 hours after ingesting 

20 µmol sulforaphane (13).  Similarly, Veeranki et al. showed an increase in 

sulforaphane metabolites in rat prostate tissue 1.5 hours after ingesting 150 

µmol/kg sulforaphane (12).  In both the transgenic adenocarcinoma of mouse 

prostate (TRAMP) mouse model (transformed prostate tissue) and a prostate 

specific PTEN deletion mouse model, broccoli sprout or sulforaphane treatment 

caused prostate specific changes in gene expression, suggesting sulforaphane 

or its metabolites reach the prostate (14-16).  In the TRAMP model, 

supplementation with broccoli sprouts stimulated nuclear factor E2-related factor 

2 (nrf2) controlled gene expression and decreased Akt signaling in prostate 
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tissue, whereas in the PTEN deletion model sulforaphane treatment reversed 

gene expression changes caused by PTEN loss in the prostate. 

Importantly, oral administration of broccoli sprouts and sulforaphane 

inhibited prostate tumor progression in the TRAMP and PTEN-null mouse 

models, demonstrating the therapeutic potential of the natural product 

sulforaphane in the prostate.  These mouse models are currently the closest 

simulation of human prostate cancer progression and provide strong pre-clinical 

evidence of sulforaphane bioactivity against prostate cancer progression. 

In one human feeding study, men with high grade prostatic intraepithelial 

neoplasia (PIN), a pre-cancerous condition characterized by foci of abnormal 

prostate epithelial cell proliferation, supplemented their diets with broccoli or peas 

for twelve months and then submitted prostate tissue samples for analysis during 

routine tissue biopsy (16).  The analysis found changes in gene expression 

related to TGFβ, insulin signaling, and EGF signaling, suggesting broccoli (i.e. 

sulforaphane) supplementation can affect signaling pathways related to cell 

growth in prostate tissue.  Further work in human subjects quantifying 

sulforaphane metabolite levels in the prostate after acute versus long term 

exposure will help guide both dietary recommendations and the development of 

sulforaphane as a natural agent for prostate health. 

 

1.3.2 Indole-3-Carbinol 

I3C is released from its glucosinolate precursor glucobrassicin when 

brought into contact with myrosinase.  Like glucoraphanin, glucobrassicin is 

found in cruciferous vegetables, with exceptionally high concentrations in 

Brussels sprouts and garden cress.  In an acidic environment like the human 

stomach, I3C is rapidly converted into an array of acid condensation products 

and modified derivatives (17). 

In vivo assessment of I3C and its products suggest that diindolylmethane 

(DIM), an I3C acid-condensation product, is one of the major bioactive 



7 

 

 

compounds responsible for the benefits associated with I3C.  I3C undergoes 

condensation and modification after oral administration in mice, with the parent 

compound undetectable in plasma within one hour (18).  A separate human 

feeding study did not detect I3C in the plasma of study participants administered 

the pure indole, but instead detected only DIM (19).  Because DIM was the only 

acid condensation product detected in human plasma after oral administration of 

I3C, these data support the dimer DIM as the key mediator of prostate protection. 

It is important to note that in vitro and in vivo studies have shown an anti-

cancer effect associated with I3C.  These studies utilize pure I3C as the 

treatment compound in vitro by dosing cultured prostate cancer cell lines, or in 

vivo by direct injection (20).  Relatively few of these investigations assess the 

post-treatment derivatives of I3C, making it difficult to determine whether 

treatment effects are in response to I3C or specific condensation products.  One 

study has found significant spontaneous conversion of I3C to DIM in culture 

media and simulated peritoneal fluid (21), which supports a model where I3C is 

converted to DIM or other condensation products after in vitro dosing or 

intraperitoneal (IP) administration.  Our discussion will therefore focus on the 

mechanisms through which DIM may block or suppress prostate cancer.  

Discussion involving purified I3C as treatment will also be presented, but we will 

be working under the assumption that it is converted to DIM [For further reading 

supporting I3C conversion see Bradlow Review (22)]. 

In vivo work in mouse models supports DIM as an inhibitor of prostate 

cancer progression.  Dietary supplementation of DIM significantly inhibited the 

progression of prostate cancer in the TRAMP model (23).  DIM decreased tumor 

growth (as measured by genitourinary weight), decreased proliferating cell 

markers, and increased cell death effectors.  The authors also note that DIM 

supplementation had no significant effect on cell markers in normal mice.  

Though DIM supplementation did not lead to complete eradication of transformed 
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cells and prostate tumors in the TRAMP model, there is clear evidence that 

dietary intervention with the natural product DIM is a strategy worth pursuing. 

 

1.3.3 Application of in vitro and in vivo Exposure to Dietary Intake 

 Pharmacokinetic studies suggest peak plasma concentrations of 

sulforaphane and DIM may be below those achieved in controlled pre-clinical 

experiments.  Plasma sulforaphane level reached over 7 µM in subjects eating 

“SuperBroccoli” soup (24), and a Phase I clinical dose escalation study found 

DIM to reach levels just over 1 µM in men supplemented with 300 mg of an 

enhanced-bioavailability formulation of DIM (BR-DIM) (25).  Neither study 

suggests these are maximum achievable plasma concentrations, and no (or very 

limited) adverse effects were noted, suggesting higher plasma levels are 

reachable and tolerable.  The effects of long term, low-level dietary exposure are 

not as well understood, but there is some evidence of tissue-specific 

sulforaphane accumulation over time in rats (12).  In humans, few studies have 

characterized bioavailability and concentrations of sulforaphane, DIM, or their 

metabolites in tissues.  Further work characterizing tissue specific acute versus 

repeated exposure is needed to fully understand the effects of these 

phytochemicals when attained from the diet. 

 

1.4 Chemoprevention mechanisms 

1.4.1 Pre-Initiation Blocking Activity 

1.4.1.1 Sulforaphane 

Sulforaphane has been extensively investigated as a cancer blocking 

agent due its ability to induce Phase II enzymes (26, 27).  The expression of 

these enzymes is controlled by transcription factor nrf2.  Under basal conditions, 

nrf2 is sequestered in the cytoplasm by redox-sensitive protein Kelch-like ECH-

associated protein 1 (KEAP1).  However, under redox stress, KEAP1 releases 

nrf2 which then translocates to the nucleus and binds antioxidant response 
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elements (ARE) in the promoters of target genes, stimulating their expression.  

Up-regulation of Phase II enzymes, such as heme oxygenase I (HO-1) or 

NADPH quinone oxidoreductase 1 (NQO1), greatly increases a cell’s 

detoxification capacity.  Phase II enzymes conjugate moieties to reactive 

molecules, thus decreasing their ability to cause cellular damage and enhancing 

their solubility for excretion.  Sulforaphane is a strong glutathione-S-transferase 

(GST) inducer, which conjugates glutathione to electrophiles and neutralizes their 

reactivity.  The first step in sulforaphane metabolism also involves glutathione 

conjugation, followed by enzymatic reactions in the mercapturic acid pathway 

(Figure 1.1B).  For more thorough reviews of sulforaphane and Phase II blocking 

activity see Fahey and Talalay (27), and Guerrero-Beltran et al (28). 

 

1.4.1.2 Indole-3-Carbinol 

DIM can also be considered a prostate cancer blocking agent through its 

ability to stimulate cellular detoxification pathways.  DIM is a reported aryl-

hydrocarbon receptor (Ahr) agonist in multiple cell lines (29).  Ahr is a nuclear 

receptor transcription factor that stimulates the expression of detoxification 

enzymes in the cytochrome P450 (CYP) family (Phase I) and increases the 

capacity of cells to deal with xenobiotic stress.  DIM treatment also stimulates the 

nrf2 mediated Phase II response, which enhances reactive molecule metabolism 

and excretion of genotoxic agents (29-31).  Through the activation of Ahr and 

nrf2 signaling pathways, DIM effectively increases the cells detoxification 

potential and blocks what otherwise could be tumor initiating events. 

An ancillary benefit to enhanced Phase I expression also seems to be 

changes in steroid hormone profile (32).  Because hormones are extensively 

processed and modified through oxidation / reduction reactions, changes in 

Phase I enzyme levels could alter hormone profiles.  Sex hormones have a large 

role in prostate cancer progression and have been found to be altered with I3C or 

DIM supplementation in men and women (33-36).  Hormone-sensitive prostate 
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cancer responds to estradiol (E2) in vitro (37), and I3C can reduce E2 levels in 

men (34).  Though these studies have not yet looked at male hormones that 

drive hormone-sensitive prostate cancer, changes in estrogen hormone levels 

raises the possibility that male sex hormone levels are also altered and could 

therefore influence the growth of transformed cells early in the process of 

prostate cancer development. 

 

1.4.2 Post-Initiation Suppressive Activity 

Aside from their blocking activity, sulforaphane and DIM are also able to 

suppress cancer growth post-initiation (Figure 1.2).  This effect has been 

demonstrated in prostate cancer cell lines and in the TRAMP model.  The ability 

to inhibit growth and stimulate apoptosis of transformed cells is suggestive that 

sulforaphane and DIM have activity outside of the Phase I / Phase II response.  

These findings are particularly interesting with respect to prostate cancer 

because a majority of men will develop hyperplasia and localized neoplasia as a 

natural part of the aging process.  Any treatment that can keep these growths 

localized and inhibited could substantially decrease the number of advanced 

prostate cancer cases.  Thus, sulforaphane and I3C effects outside the Phase I / 

Phase II response have been an area of great interest to prostate cancer 

researchers.  Recent investigations have attributed suppressive activity to 

antagonism of signaling pathways known to be important for prostate cancer 

progression, such as the Akt signaling axis, as well as modulation of epigenetic 

enzymes, both of which contribute to growth arrest and induction of apoptosis. 

 

1.4.2.1 Sulforaphane 

1.4.2.1.1 Attenuation of Akt / NFkB Signaling and Induction of Apoptosis 

Enhanced Akt signaling is a common acquisition in transformed prostate 

tissue (38-40), and inhibiting the Akt signaling axis is potentially a good 

therapeutic target for suppressing prostate cancer growth and survival (41, 42).  
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Traka et al., were able to show that Akt signaling was attenuated in prostate 

tissue of human subjects in response to long term dietary consumption of 

sulforaphane rich broccoli (15).  Studies in animal models and cultured prostate 

cancer cells using purified sulforaphane have also shown attenuated Akt 

signaling.  In the TRAMP mouse model, Keum et al. showed a decrease in Akt 

activation in transformed prostate tissue, while Traka et al. showed an 

attenuation of induced gene expression pursuant to the loss of the Akt 

suppressor PTEN (14, 15).  In vitro analysis of PC3 prostate cancer cells treated 

with purified D,L-sulforaphane showed a decrease in Akt phosphorylation, 

decreased phosphorylation of mTOR target proteins, and a decrease in cellular 

protein translation (43), supporting a specific activity for sulforaphane in inhibiting 

the Akt signaling pathway. 

Akt signaling is involved in many cellular processes (44-47) and could 

explain how sulforaphane treatment leads to decreases in the expression of 

multiple pathways known to support cancer growth.  A decrease in NFkB 

transcriptional activity has been noted in prostate cancer cell lines in response to 

sulforaphane treatment (46, 48, 49).  Sulforaphane caused the observed 

decrease by inhibiting NFkB translocation from the cytoplasm to the nucleus.  

Inhibition of the Akt signaling pathway could lead to sequestration of NFkB in the 

cytoplasm by decreasing mTOR complex activity and IKK activity (50), a 

signaling pathway delineated in PTEN null prostate cancer cells. 

The net effect of decreased Akt / NFkB signaling could be to tip the cell 

fate scales toward apoptosis in prostate cancer cells.  A decrease in NFkB-

dependent inhibitor of apoptosis (IAP) proteins by sulforaphane may provide the 

stimulus for transformed cells to undergo intrinsic, mitochondrial mediated 

apoptosis (51-53).  A decrease in IAP by antisense RNA is able to increase basal 

apoptosis in prostate cancer cells (54).  The observation that mitochondria are 

necessary for at least a portion of sulforaphane induced cell death supports a 

model of stimulation of intrinsic apoptosis as an important process in prostate 
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cancer cell killing (55).  Indeed, sulforaphane treatment in vitro and in the 

TRAMP model increases the Bax/Bcl-2 protein ratio and triggers a caspase 

cleavage cascade that results in cell death (56, 57). 

 Inhibition of Akt signaling and stimulation of growth arrest and apoptosis 

are two key sulforaphane effects in transformed prostate tissue.  This is not to 

say that sulforaphane does not influence many other signaling pathways in 

prostate cancer cells.  In fact, it is likely that other known sulforaphane effects 

contribute to suppression.  For information detailing sulforaphane effects outside 

of those mentioned here, see Clarke et al., (58) and Juge et al., (59). 

 

1.4.2.2 Indole-3-Carbinol 

1.4.2.2.1 Induction of Apoptosis 

Initial experiments investigating the potential of I3C to inhibit prostate 

cancer growth focused on controlled in vitro experimentation using the advanced 

prostate cancer cell line PC3 (60).  I3C treatment led to cell cycle arrest and 

induction of apoptosis.  I3C treatment was able to cause this inhibition by 

decreasing the expression / activity of pro-cell cycle progression kinase CDK6 

and by upregulating the expression of cell cycle inhibitors p21 and p27 

independent of p53 (Figure 1.2).  Intrinsic apoptosis was triggered by a shift in 

Bax and Bcl2 expression toward a ratio favoring cell death, and was evidenced 

by PARP cleavage and DNA laddering.  A decrease in NFkB activation was also 

noted (60).  Further investigation using a range of representative androgen-

dependent and independent prostate cancer cell lines (LNCaP, DU145, and 

PC3) confirmed a decrease in cell growth and induction of apoptosis in response 

to I3C and DIM treatment (61, 62); however, there are conflicting reports 

concerning the mechanism responsible for induction of apoptosis (63).  Further 

work characterizing cell death in response to I3C and DIM at physiologically 

relevant doses will be necessary to understand how these phytochemicals inhibit 

prostate cancer growth in vivo. 
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1.4.2.2.2 Attenuation of Akt / NFkB Signaling 

Subsequent studies in androgen-independent DU145 cells using 

equimolar I3C and DIM treatment characterized G1 cell cycle arrest and a 

decrease in Akt and PI3K proteins associated only with DIM treatment (64).  DIM 

also decreases phophorylated (activated) Akt, as well as nuclear NFkB, NFkB 

DNA binding, and NFkB transcription activity (65-68).  DIM may decrease Akt 

signaling by activating upstream regulator AMPK: a recent report showed DIM 

activated AMPK both in vitro and in vivo and was associated with mTOR and 

androgen receptor (AR) inhibition (Figure 1.2) (69). 

 

1.4.2.2.3 Inhibition of Androgen Receptor Signaling 

A comparison of prostate cancer cell I3C/DIM sensitivity between studies 

and within studies utilizing different prostate cancer cell lines has shown 

decreased sensitivity of more advanced, AR negative PC3 cells, and, 

importantly, prostate cancer cells seem to be much more sensitive to DIM 

treatment than non-transformed cells (68).  DIM may specifically interfere with 

prostate cancer growth at the initial stages by suppressing the androgen 

signaling pathway (70), which would explain increased sensitivity of AR positive 

cancers.  DIM treatment decreased AR controlled gene expression in prostate 

cancer cells in vitro by inhibiting translocation of AR to the nucleus (70).  Bhuiyan 

et al., also found decreased androgen signaling in response to DIM treatment, 

but showed this effect was the result of not only a failure of AR to translocate to 

the nucleus, but also due to a decrease in AR expression (65).  This is an 

important inhibitory activity since hyperactive androgen receptor is one of the 

most common and early events in prostate cancer development. 
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1.4.3 Epigenetic Activity 

Prostate cancer cells – and cancer cells in general – display epigenetic 

abnormalities that are thought to enhance the cancer phenotype.  Transformed 

cells show global DNA hypomethylation, site specific DNA hypermethylation, 

altered cellular histone deacetylase (HDAC) activity, and altered miRNA 

expression (71, 72).  Genes that inhibit cancer cell growth, such as cell cycle 

inhibitors or pro-apoptotic genes, are frequently silenced epigenetically.  DNA 

methyltransferases (DNMTs) (enzymes that methylate DNA cytosine residues) 

and HDACs often work together in larger protein complexes to strip chromatin of 

active acetylation marks and lay down DNA methylation for stable gene 

repression.  Targeting the enzymes that regulate the epigenetic signature of 

prostate cancer cells has proven to be a viable target in cancer prevention and 

cancer therapeutic research.  Currently, there are several clinical trials aimed at 

determining the tolerance and efficacy of HDAC and DNMT inhibitors in human 

subjects (73).  Importantly, sulforaphane and DIM have been characterized as 

diet-based modulators of epigenetic enzymes (Figure 1.3). 

 

1.4.3.1 Sulforaphane 

Sulforaphane metabolites sulforaphane-GSH and sulforaphane-Cys have 

been characterized as HDAC inhibitors (Figure 1.1) (74).  HDAC overexpression 

is frequently observed in prostate cancer (75), and knockdown of HDAC 

enzymes with small RNAs leads to decreased cancer cell growth and alterations 

in the expression of genes associated with prostate cancer progression (76, 77).  

Treatment of prostate cancer cells with sulforaphane leads to a decrease in 

cellular HDAC activity and a global increase in histone acetylation (78, 79).  

Increases in histone acetylation also occur within the promoters of silenced tumor 

suppressor genes and are accompanied by increased gene expression.  Tumor 

suppressor gene p21 is often silenced in prostate cancer cells.  Treatment with 

sulforaphane leads to an increase in promoter acetylation and an increase in p21 
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expression.  This effect was even observed in the p53 null prostate cancer cell 

line PC3 (80) and suggests epigenetic reactivation. 

Sulforaphane also decreases DNMT protein levels in prostate cancer cells 

by decreasing DNMT1, 3a, and 3b gene expression (81).  Hsu et al., showed that 

the sulforaphane induced decrease in DNMT levels are associated with a global 

decrease in DNA methylation (81).  A more targeted analysis of the cyclin D2 

promoter, an epigenetically silenced gene in prostate cancer cells (82), showed a 

local decrease in DNA methylation associated with increased cyclin D2 transcript 

levels.  Similar findings have recently been reported in breast cancer cells 

looking at the human telomerase reverse transcriptase (hTERT) gene (83).  

However, in this study the authors found a decrease in DNMT expression 

associated with a decrease in DNA methylation and, surprisingly, a decrease in 

hTERT gene expression.  Demethylation, in this instance, appears to allow 

transcriptional repressors to recognize and bind DNA elements previously 

unavailable.  It is likely that similar phenomena occur in sulforaphane treated 

prostate cancer cells and that the relationship between DNA methylation and 

gene expression in transformed tissue is more complicated than a simple inverse 

association.    

Sulforaphane induced changes in chromatin modifications and gene 

expression play a large role in mediating its cytotoxic effects, but do not account 

for all its activity.  HDAC enzymes also localize outside the nucleus, where they 

target non-histone proteins and participate in cellular processes beyond 

chromatin regulation.  HDAC6 is a class II HDAC localized primarily in the 

cytoplasm.  It is a critical regulator of the cytoskeletal network and also plays a 

role in chaperoning ubiquitin tagged proteins to the perinuclear aggresome for 

turnover (84).  HDAC6 appears to be an important sulforaphane target given that 

overexpressing HDAC6 in PC3 prostate cancer cells can abrogate a 

sulforaphane induced decrease in cell viability (80). 
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HDAC6 is directly inhibited by sulforaphane (76), leading to increased 

tubulin acetylation and filament stabilization.  In addition to decreasing tubulin 

dynamics (85), sulforaphane treatment leads to an increase in insoluble tubulin 

(86).  Although these findings were investigated in breast and lung cancer cells, 

and in a cell free system, increased tubulin acetylation has been noted in 

prostate cancer cells treated with sulforaphane (76).  Similar changes in tubulin 

dynamics and solubility are therefore likely to be occurring in prostate cancer 

cells.  One report noted that sulforaphane can directly bind tubulin, but does not 

lead to the collapse of the microtubule network (87); however, a direct binding 

effect may be unlikely in vivo due to extremely rapid glutathione conjugation.  

Microtubule stabilization caused by HDAC6 inhibition may be the mechanism 

behind the anti-metastatic and cell cycle stress properties associated with 

sulforaphane (57, 88). 

HDAC6 is also involved in AR and other nuclear receptor signaling 

pathways through its regulation of heat shock protein 90 (HSP90) acetylation.  

Deacetylation of HSP90 by HDAC6 releases AR, allowing it to translocate into 

the nucleus and modulate gene expression (89).  Androgen signaling is a strong 

driver of prostate cancer growth and is initially hormone-dependent.  But as 

prostate cancer progresses, androgen signaling becomes hormone independent, 

and thus clinicians lose a valuable target to suppress prostate cancer growth.  

HDAC6 is required for hormone independent nuclear localization in advanced 

prostate cancer, and HDAC6 inhibition or knock-down decreases AR signaling 

(89).  A separate report showed that sulforaphane-mediated inhibition of HDAC6 

leads to AR degradation and decreased androgen signaling (76).  HDAC6 

inhibition may be a good target in advanced prostate cancer that is no longer 

sensitive to anti-androgen therapy. 
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1.4.3.2 Indole-3-Carbinol 

DIM has recently been shown to significantly decrease cellular HDAC 

activity in prostate cancer cell lines (90).  DIM does not directly inhibit HDAC 

activity, but leads to a decrease in HDAC2 protein level.  These findings are 

consistent with an earlier report in colon cancer cells detailing class I HDAC 

degradation in response to DIM (91). 

DIM also alters the expression of other epigenetic modulators, including 

the enzymes controlling histone methylation and microRNAs.  In a small group of 

prostate cancer patient samples, Kong et al., found a correlation between 

decreasing Let family microRNA expression and increasing expression of histone 

methyltransferase EZH2 (92), a marker associated with poor prognosis (93, 94).  

Forced expression of Let 7 family members in prostate cancer cell lines 

decreased EZH2 expression and inhibited colony growth, demonstrating a 

causative link between Let 7 and EZH2 expression, and prostate cancer growth.  

An in vivo assessment of these findings from a prostate cancer study population 

supplemented with BR-DIM confirmed in vitro findings.  Study participants 

supplemented with BR-DIM for two to four weeks showed increased Let 7 

expression and decreased EZH2 expression.  In a related study, this same group 

showed decreased microRNA miR-34a associated with increased AR expression 

and signaling (95).  BR-DIM supplementation again led to modest re-expression 

of the silenced miR-34a and decreased AR expression in vivo.  These are 

exciting findings in that they demonstrate in vivo DIM effects that inhibit cancer 

growth and reverse changes associated with prostate cancer progression and 

poor clinical outcomes.  They also confirm in vitro experimental data and provide 

a foundation for understanding how DIM intake is associated with prostate 

cancer inhibition in humans. 

 

 

 



18 

 

 

1.5 Future Directions 

The biologically active phytochemicals sulforaphane and DIM have well 

established suppressive activity in vitro and growing evidence supports activity 

inhibiting prostate cancer progression in vivo.  A number of clinical trials are 

currently investigating these phytochemicals in prostate cancer cases to 

determine tolerance and efficacy utilizing an array of sources, including 

administration of purified sulforaphane, broccoli sprout extract pills, I3C-rich food, 

and BR-DIM (see www.clinicaltrials.gov).  Study endpoints for on-going 

sulforaphane and BR-DIM investigations include quantitation and 

characterization of treatment metabolites in prostate tissue, a critical piece of 

data that will shape study design moving forward. 

Despite their very different chemical structures, sulforaphane and DIM 

share some common targets and treatment endpoints.  One explanation for this 

overlap is that both chemicals target cancer epigenetically: histone modifications, 

DNA methylation, and microRNA expression are dysregulated in cancer, and 

may explain why cancer cells are hypersensitive to sulforaphane and DIM 

treatment relative to normal tissue.  Importantly, sulforaphane and DIM do not 

directly induce DNA damage or disrupt chromatin structure.  The multiple, 

overlapping molecular targets suggest very broad effects governing cell 

homeostasis and genome stability. 

Both phytochemicals alter cellular HDAC activity, and while sulforaphane 

decreases DNA methyltransferase activity, DIM alters microRNA and histone 

methyltransferase EZH2 expression in vivo.  This last finding is an excellent 

demonstration of the connectivity and interrelationship between the different 

systems that regulate the epigenetic characteristics of cancer cells.  Furthermore, 

these findings are likely the tip of the iceberg – a growing body of research 

consistently finds that the phytochemicals discussed here target an array of 

cancers arising from disparate tissues (96, 97).  This again supports 

sulforaphane and DIM as working through an epigenetic mechanism, targeting 

http://www.clinicaltrials.gov/
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cancer cells no matter the underlying mutations that feed unregulated cell growth 

and survival. 

Although the Phase I / Phase II induction and blocking activity associated 

with sulforaphane and I3C are not typically thought of as being under epigenetic 

control, a recent report has demonstrated the importance of epigenetics in the 

nrf2 response in transformed prostate cancer cells (98).  Nrf2 expression is 

dampened in prostate cancer cells, and treatment with trichostatin A (TSA), a 

pharmaceutical HDAC inhibitor, removes epigenetic marks associated with gene 

silencing.  The effect is particularly strong when used in combination with the 

DNMT inhibitor 5-aza-2’-deoxycytidine.  Although these effects were shown with 

pharmacological compounds, sulforaphane and I3C may have a similar effect; a 

decrease in HDAC activity in combination with decreased DNMT activity in 

response to sulforaphane, accompanied by the innate ability of sulforaphane and 

/ or I3C to induce the Phase I / Phase II response, could help explain why these 

natural products are strong inducers of the detoxification response in transformed 

prostate cancer cells.  Combination therapies that exploit the coordinated activity 

of classic genetic targets and epigenetic regulators will be an important area of 

research going forward. 

Future investigations into the effects of inhibition of HDAC and histone 

methyltransferase activity should focus on connecting changes in post-

translational acetylation / methylation of non-histone proteins to changes in 

protein activity.  The recent publication of the human “acetylome” and the 

identification of proteins and protein complexes sensitive to HDAC inhibitors 

identified many transcription factors and chromatin binding complexes as being 

affected by acetylation (99, 100).  Altered transcription factor acetylation or 

chromatin associated protein complex stability could explain the vast changes in 

gene expression and signaling networks induced by sulforaphane and DIM 

treatment.  Aside from changes in gene expression, miRNA expression in 

response to sulforaphane and DIM is largely unmapped in prostate cancer.  
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Global analyses of changes in miRNA profile, and subsequent work identifying 

specific functional RNAs responsive to sulforaphane or DIM, will provide further 

insight into how changes in the activity of chromatin modifiers and transcriptional 

profile contribute to prostate cancer inhibition.  Moving forward, it will be 

imperative that we characterize these changes and their downstream effects in 

order to understand how sulforaphane and DIM lead to tumor suppression and 

identify potential new molecular targets for prostate cancer therapy. 

 

1.6 Conclusions 

The natural products sulforaphane and I3C inhibit prostate cancer through 

both blocking of tumor initiation and suppression of transformed cell growth.  

They effect tumor suppression by inhibiting signaling networks known to have a 

role in prostate cancer growth and by triggering cell cycle arrest and apoptosis.  

More recent work has characterized activity as epigenetic modulators in prostate 

cancer cells in vitro and in vivo.  Further investigation into the anti-cancer activity 

of sulforaphane and I3C will give us a better understanding of how these natural 

products are associated with decreased prostate cancer risk and uncover new 

targets for therapeutic intervention. 
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Figure 1.1.  Metabolism of glucoraphanin and glucobrassicin to biologically active metabolites.  
(A) Sulforaphane is released from glucoraphanin by the plant enzyme myrosinase.  Red dashed 
arrow marks the reactive carbon atom subject to glutathione conjugation.  (B) Sulforaphane is 
metabolized via the mercapturic acid pathway into active metabolites.  Glutathione-S-transferase 
(GST) first conjugates a GSH molecule (Glu-Cys-Gly) to the reactive carbon on sulforaphane.  
Glutamate is then removed by γ-glutamyltranspeptidase (GTP), followed by removal of the 
glycine residue by cysteinylglycinase (CGase).  Cysteine is then acetylated by an 
acetyltransferase (AT) to sulforaphane-N-acetylcysteine, which is excreted in the urine.  (C) 
Indole-3-carbinol is released from the glucosinolate glucobrassicin by myrosinase and undergoes 
spontaneous condensation in the acidic environment of the gut.  Diindolylmethane (DIM) is the 
most abundant post-absorption acid condensation product.  Acid condensation products can be 
modified further post-absorption.  LTr1: Linear trimer 1.  LTr2: Linear trimer 2.  Structures from 
PubChem at National Center for Biotechnology Information (NCBI). 
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Figure 1.2.  Selected non-epigenetic effects of sulforaphane and I3C/DIM on prostate cancer 
cells.  Sulforaphane (SFN) and I3C/DIM inhibit the Akt signaling axis, a signaling pathway often 
hyperactive in prostate cancer.  Inhibition of this pathway decreases pro-survival signaling by 
mTOR, Akt, and NFkB.  Sulforaphane and I3C/DIM treatment also lead to changes in gene 
expression (blue arrow) that trigger growth arrest and apoptosis.  The expression of proteins 
controlling the cell cycle (e.g. p21, p27, CDK6) are altered to effect growth arrest, and apoptosis 
is finally induced through the mitochondrial pathway.  Abbreviations: AR – Androgen Receptor, 
CDK6 – cyclin dependant kinase 6, IAP – inhibitors of apoptosis. 
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Figure 1.3.  Sulforaphane and I3C/DIM suppress prostate cancer through epigenetic modulation.  
Sulforaphane (SFN) decreases cellular DNA methyltransferase (DNMT) and histone deacetylase 
(HDAC) activity, leading to altered chromatin structure and gene expression (blue arrow).  
Sulforaphane also directly inhibits cytoplasmic HDAC6, which controls the acetylation of many 
non-histone proteins, leading to a decrease in AR signaling, altered cytoskeletal dynamics, 
disrupted protein turnover, and, ultimately, increased cell stress.  I3C/DIM also decreases cellular 
HDAC activity, leading to changes in gene expression (blue arrow).  The expression levels of 
microRNAs (miRNAs) are also disrupted, and lead to changes in protein levels of chromatin 
associated protein EZH2 and nuclear receptor AR through post-transcriptional regulation. 
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2.1 Abstract 

 The isothiocyanate sulforaphane is a promising molecule for development 

as a therapeutic agent for patients with metastatic prostate cancer. Sulforaphane 

induces apoptosis in advanced prostate cancer cells, slows disease progression 

in vivo, and is well tolerated at pharmacological doses. However, the underlying 

mechanism(s) responsible for cancer suppression remain to be fully elucidated. 

In this investigation we demonstrate that sulforaphane induces posttranslational 

modification of histone methyltransferase SUV39H1 in metastatic, androgen 

receptor-negative PC3 prostate cancer cells. Sulforaphane stimulates 

ubiquitination and acetylation of SUV39H1 within a C-terminal nuclear 

localization signal peptide motif and coincides with its dissociation from 

chromatin and a decrease in global H3K9me3 levels. Exogenous SUV39H1 

expression leads to an increase in H3K9me3 and decreases sulforaphane-

induced apoptotic signaling. SUV39H1 is thus identified as a novel mediator of 

sulforaphane cytotoxicity in PC3 cells. Our results also suggest SUV39H1 

dynamics as a new therapeutic target in advanced prostate cancers. 

 

2.2 Introduction 

 Prostate cancer is one of the most commonly diagnosed cancers in the 

United States, the incidence of which is expected to increase as the population 

ages. Several treatment strategies have been developed for prostate cancer 

therapy, including surgical removal of the prostate, radiation therapy, hormone or 

androgen deprivation therapy and chemotherapy. A majority of cases initially 

respond to front-line treatments; however, despite best efforts, resistant clones 

arise to resume growth and seed distal sites with metastatic tumors (1). Once 

this occurs, survival rates decrease dramatically and treatment options are 

limited.  

 Sulforaphane (1-isothiocyanato-4-methylsulfinylbutane) is an 

isothiocyanate derived from cruciferous vegetables that is known to possess 
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cancer-suppressive activity (2). The compound is well tolerated and is cytotoxic 

specifically toward transformed cells, inducing cell cycle arrest and apoptosis. 

Although differences in sensitivity between cell lines do exist, the tissue of origin 

or genetic profile does not appear to be determinant: sulforaphane is cytotoxic to 

many human cancer cell lines in vitro, including prostate (3), breast (4), ovarian 

(5,6), colon (7), and pancreatic cancers (8), and can suppress cancer progression 

in genetic models of colon (9) and prostate (10) carcinoma. Sulforaphane has 

been shown to (i) induce cell death in metastatic prostate cancer cell lines while 

sparing primary prostate epithelial cells (3), (ii) decrease metastases in a 

genetically engineered mouse model of prostate cancer (10), (iii) and is not 

associated with adverse effects when administered at pharmacological doses in 

rodents (11). These observations make sulforaphane a compound of interest for 

development as a prostate cancer therapeutic agent. 

 Several investigations have characterized broad alterations in the 

epigenome in prostate cancer patients and suggested that epigenetic profile and 

expression levels of chromatin modifying enzymes (CME) have some prognostic 

value (12-15). Progressive dysregulation of the epigenome as cells adopt a 

malignant phenotype is now recognized as an active contributor to transformation 

that works in tandem with genetic alterations to allow cancer progression. 

Because epigenetic state is reversible, targeting the epigenome is an attractive 

therapeutic strategy. Indeed, a number of small molecule inhibitors targeting 

CMEs are approved or are in clinical and preclinical trials as chemotherapeutic 

agents (16). Recent investigations characterizing sulforaphane-induced changes 

in the level and activity of CMEs has led to the hypothesis that modulation of 

these enzymes contributes to cell cycle arrest and apoptosis in prostate cancer 

cells. Sulforaphane leads to a decrease in global histone deacetylase (HDAC) 

activity in prostate cancer cells through depletion of specific HDAC isoforms (3). 

Sulforaphane has also been shown to decrease DNA-methyltransferase (DNMT) 

levels in prostate cancer cells (17). Little is known concerning the effects of 
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sulforaphane on histone methylation – only one investigation has characterized 

an influence on histone H3 lysine 27 trimethylation (H3K27me3)(ref. 18) – 

despite the fact that DNMT, HDAC, and histone methyltransferases (HMT) and 

demethylases (HDM) physically interact and work cooperatively in larger protein 

complexes to maintain or alter chromatin structure (19-21). Furthermore, any 

postulated heterochromatin-dependent contribution of HDAC or DNMT depletion 

is likely secondary to changes in histone methylation since DNMT functions 

downstream of HMTs, and HDAC enzymes lack protein domains that can 

independently recognize chromatin (22-24). This led us to investigate whether 

changes in global histone methylation accompany changes in CME protein level 

and activity in sulforaphane-treated prostate cancer cells. Because HDAC and 

DNMT enzymes facilitate heterochromatin formation and stabilization, and 

sulforaphane depletes these proteins in prostate cancer cells, we hypothesized a 

decrease in histone methyl-marks associated with heterochromatin in 

sulforaphane-treated prostate cancer cells. 

 Histone methylation is more complex than the chromatin marks controlled 

by HDAC (acetylation) and DNMT (DNA methylation) enzymes: As opposed to 

existing in one of two states, each with a characteristic association with 

chromatin structure, the outcome of histone methylation is residue and mark-

specific (see Martin and Zhang and references therein for summary (25)). We 

focused our investigation on the archetypal heterochromatin mark trimethyl-

histone H3 lysine 9 (H3K9me3), and conducted our mechanistic investigation in 

PC3 cells, a culture model of metastatic, aggressive, androgen receptor-negative 

prostate cancer. PC3 cells are an advantageous prostate cancer cell line to test 

our hypothesis because sulforaphane depletes HDAC (3) and DNMT (17) 

enzymes in these cells and the H3K9me3 mark is controlled by one HMT, 

SUV39H1, with no functional redundancy (26). Here we present evidence 

supporting a model where a decrease in H3K9me3 mediated by posttranslational 

regulation of SUV39H1 enhances apoptotic signaling in PC3 cells in response to 
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sulforaphane, suggesting indirect inhibition or destabilization of SUV39H1 as a 

potential treatment strategy. 

 

2.3 Results 

2.3.1 Sulforaphane decreases global trimethyl-H3K9 levels 

 Sulforaphane treatment leads to a global decrease in H3K9me3 in PC3 

cells (Figure 2.1). The decrease was detectable as early as six hours post-

treatment and remained at a depressed level through twelve hours. At twenty-

four hours, H3K9me3 returned to control levels (not shown). An assessment of 

H3K9me3 level in sulforaphane-treated LNCaP and DU145 metastatic prostate 

cancer cell lines showed no global response (not shown). 

 Sulforaphane has previously been shown to induce G2/M arrest in PC3 

cells (27), and H3K9me3 levels have recently been found to fluctuate with the cell 

cycle, increasing at the centromere through metaphase before reaching a peak 

and declining through anaphase (28). The global decrease in H3K9me3 we 

observed following sulforaphane treatment suggests that large blocks of 

chromatin, possibly megabases in length, are undergoing H3K9me3 depletion, 

which would be consistent with alterations in centromeric H3K9me3 levels. This 

raises the possibility that a global decrease in H3K9me3 in sulforaphane-treated 

cells is an artifact of cell-cycle arrest and not depletion of heterochromatic CMEs 

per se. Cyclin B1 protein level was therefore analyzed to assess the possibility of 

a cell-cycle effect. An analysis of cyclin B1 protein level (Figure 2.2), known to 

accumulate in metaphase arrested PC3 cells (29), showed no difference between 

treatment groups within our treatment period of interest, suggesting the decrease 

in H3K9me3 is independent of cell cycle and not a consequence of arrest. 

Visualization of DAPI stained sulforaphane-treated nuclei also indicated arrest 

prior to metaphase (not shown).  
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2.3.2 Sulforaphane does not affect the protein level of H3K9 methyl-modifiers  

 H3K9 methylation is controlled by multiple HMTs and HDMs, with several 

enzymes capable of catalyzing specific modifications. A decrease in global 

H3K9me3 levels could be caused by a decrease in HMT activity, an increase in 

HDM activity, or some combination of the two. SUV39H methyltransferase 

proteins (specifically isoform 1) control H3K9me3 at pericentromeric and 

centromeric chromatin domains (30), suggesting depletion or inactivation of 

SUV39H1 could account for the global decrease in H3K9me3 we observed by 

western blot. Furthermore, targeted knock-down of SUV39H1 by siRNA in PC3 

cells leads to a global decrease in H3K9me3 and has a minimal effect on global 

gene expression (26), suggesting SUV39H1 is solely responsible for H3K9 

trimethylation with little or no functional redundancy, and that SUV39H1-specific 

effects are independent of gene promoter regulation. We observed a transient 

increase in SUV39H1 in sulforaphane-treated cells and no change in SUV39H2 

protein level over the treatment period (Figure 2.1). 

 HDM enzymes are a relatively recent discovery and less is known about 

their role in genome maintenance; we nevertheless assessed the protein level of 

several HDMs known to have activity toward H3K9 (ref. 31). No significant 

increase in the level of HDM LSD1 (KDM1A), JMJD1A (KDM3A), or JMJD2C 

(KDM4C) was maintained over the twelve hour treatment period (Figure 2.3). 

 No sustained change in the protein level of the enzymes that control H3K9 

methylation suggests regulation through a posttranslational mechanism. We 

focused our investigation on SUV39H1 since it can influence global H3K9me3 

and is known to physically interact with HDAC and DNMT enzymes (32, 33). We 

hypothesized an increase in posttranslational modifications associated with 

decreased SUV39H1 activity or stability in response to sulforaphane. 
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2.3.3 Sulforaphane leads to SUV39H1 posttranslational modification 

 SUV39H1 is known to be regulated posttranslationally: the protein is 

subject to phosphorylation (30), acetylation (34), ubiquitination (35) and 

methylation (36), all of which have been associated with changes in localization 

or decreased stability and activity. Discrete lysine residues on SUV39H1 have 

been characterized as subject to posttranslational modification. Acetylation of 

lysine 266 has been shown to inhibit catalytic activity (34), and ubiquitination of 

lysine 87 has been shown to facilitate degradation (35). We used liquid 

chromatography-coupled tandem mass spectrometry (LC-MS/MS) to assess 

sulforaphane-induced posttranslational modifications of endogenous SUV39H1 

protein in PC3 cells (Figure 2.4, Figure 2.5). We identified ubiquitinated (ub-

K393-SUV39H1) and acetylated SUV39H1 (ac-K394-SUV39H1) only in 

sulforaphane treated cells on an overlapping C-terminal peptide (379-

MDSNFGLAGLPGSPKKRVR-397). Ubiquitinated SUV39H1 (ub-SUV39H1) was 

confirmed by immunoprecipitation (Figure 2.6). Increased ub-SUV39H1 occurred 

despite a global decrease in ubiquitinated proteins. 

 Sirtuin 1 (SirT1) is reported to control SUV39H1 ubiquitination and 

acetylation (34, 35), suggesting SUV39H1 modification may be the result of 

sulforaphane-induced changes in the protein level or activity of SirT1. 

Sulforaphane has been found to influence the protein level of some Sirtuins in 

colon cancer cells (37). We did not observe a hypothesized decrease in SirT1 

protein level that would explain SUV39H1 destabilization or inhibition in 

sulforaphane-treated PC3 cells (Figure 2.7). A test of direct inhibition of SirT1 

catalytic activity by the intracellular metabolites of sulforaphane at relevant 

intracellular concentration (3, 38, 39) also revealed no activity as a direct inhibitor 

(Figure 2.7). These data suggest SirT1-independent posttranslational control of 

SUV39H1 protein. 
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2.3.4 Sulforaphane leads to a decrease in chromatin-associated SUV39H1 

 The effects of lysine 393 or 394 modification are not known, but these 

residues fall within a predicted nuclear localization signal (NLS) peptide motif 

(391-SPKKRVRIE-399) (predicted by three independent motif recognition tools 

(40-42)) (Figure 2.8). This led us to hypothesize that modification of these 

residues would be associated with a change in SUV39H1 localization. 

Visualization by immunofluorescence revealed discrete nuclear foci characteristic 

of chromatin-associated SUV39H1. A separate pool of mobile SUV39H1 was 

also identified in the perinuclear cytoplasmic region and spread diffusely within 

the nucleus (Figure 2.9). Quantification by western blot showed an increase in 

cytoplasmic (or mobile) SUV39H1, and a decrease in nuclear (or immobile, 

histone associated) SUV39H1 in sulforaphane-treated cells (Figure 2.9). 

 

2.3.5 Exogenous expression of SUV39H1 decreases sulforaphane-induced 
apoptotic signaling 
  

 SUV39H1 modification, altered localization, and decreased global 

H3K9me3 levels in sulforaphane-treated PC3 cells suggests that SUV39H1 

and/or H3K9me3 depletion may have a role in sulforaphane-induced cytotoxicity 

(3, 43). To test whether SUV39H1 or global H3K9me3 contribute to 

sulforaphane-triggered apoptosis in PC3 cells, we overexpressed SUV39H1 by 

transient transfection to increase H3K9me3, then treated with sulforaphane and 

monitored cleaved poly-ADP ribose polymerase (cPARP) – a terminal cleavage 

event in apoptotic signaling – to assess changes in cytotoxicity (Figure 2.10, 

Figure 2.11). Exogenous SUV39H1 expression (SUV) increased global 

H3K9me3 levels relative to control (GFP), and sulforaphane did stimulate 

apoptotic signaling as measured by cPARP. We noted a decrease in cPARP in 

SUV39H1-overexpressing cells in response to sulforaphane relative to GFP-

control, suggesting SUV39H1/H3K9me3 is protective against sulforaphane-
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induced cytotoxicity and that a global decrease in H3K9me3 contributes to cell 

death in PC3 cells. 

 

2.4 Discussion 

 In this investigation we characterized a novel response to the natural 

compound sulforaphane in PC3 prostate cancer cells involving the histone 

modifier SUV39H1. We present evidence supporting a model where 

sulforaphane-induced posttranslational modification of SUV39H1 decreases the 

chromatin-associated cellular fraction, leading to a decrease in H3K9me3 (Figure 

2.1, 2 4, 2.6, 2.9). We go on to show that SUV39H1/H3K9me3 decreases 

apoptotic signaling in PC3 cells (Figure 2.10), suggesting the changes in 

SUV39H1 dynamics in sulforaphane-treated PC3 cells contributes to cytotoxicity. 

Taken together, these results suggest that posttranslational modification of 

SUV39H1 may be a promising therapeutic strategy in the treatment of advanced 

prostate cancer. 

 Perturbations in SUV39H1 protein level in normal cells is known to 

increase cancer risk: engineered mice that are SUV39H-null show an increased 

susceptibility to cancer (44), and mice that overexpress SUV39H1 show defects 

in cell differentiation and proliferation that can result in chronic myeloid leukemia 

(45). SUV39H1 can also influence metastatic potential in transformed cells: a 

potentially chromatin-independent role for SUV39H1 in facilitating cell motility 

and invasion has recently been characterized in hepatocellular carcinoma cells 

(46). SUV39H1 knock-down specifically in PC3 cells also supports a gene 

expression-independent role in cell proliferation (26). Chemotherapeutic 

strategies pursuing direct SUV39H1 inhibition are being investigated, though the 

in vivo activity of the leading candidate, chaetocin, is debatable (47-50). Our data 

suggests an alternative strategy for targeting SUV39H1 involving indirect 

destabilization or modulation of the posttranslational-modifiers that regulate 

SUV39H1, several of which have been characterized (34, 35). Small molecule 
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modulators are currently being tested that target such proteins (e.g. MDM2 

inhibitors (51)), yet the contribution, if any, of SUV39H1-modification to the 

activity of these molecules is not known. Assessing this possible contribution will 

be important to gain a complete understanding of how and why such molecules 

are effective agents. 

 Although sulforaphane is known to induce cellular stress and general 

protein turnover through the ubiquitin-proteasome pathway (52) and induction of 

the autophagic pathway (53), the data presented here suggests that sulforaphane 

leads to directed SUV39H1 modification in PC3 cells. We observed an increase 

in ubiquitinated SUV39H1 despite a global decrease in ubiquitinated proteins in 

sulforaphane treated cells (Figure 2.6), suggesting controlled regulation as 

opposed to general turnover. We also noted no significant increase in SUV39H1 

protein level in SUV39H1-overexpressing PC3 cells despite a global increase in 

H3K9me3 (Figure 2.10). The finding that global H3K9me3 levels are not affected 

in sulforaphane-treated LNCaP and DU145 cells also suggests directed 

regulation in response to sulforaphane in PC3 cells. Further work will be needed 

to identify the factors accounting for the differential response between cell lines 

and will be important in developing a genetic signature of the subset of advanced 

prostate cancers that would be susceptible to exploiting modulation of SUV39H1 

dynamics to enhance apoptotic signaling. 

 An increase in global H3K9me3 levels in SUV39H1-transfected cells with 

no corresponding increase in SUV39H1 protein level (Figure 2.10) suggests 

SUV39H1 protein level is tightly regulated in PC3 cells through posttranslational 

control and that SUV39H1 dynamics are what determine global H3K9me3. Taken 

together with the shift in SUV39H1 pools from chromatin-associated to mobile in 

sulforaphane-treated cells (Figure 2.9), these data suggest a model where 

SUV39H1 rate-of-renewal at heterochromatic sites is the parameter affected by 

sulforaphane-induced modification. The increase in cytoplasmic (or mobile) 

SUV39H1 should therefore be interpreted as a delayed renewal time at 
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chromatin, which we propose to be a consequence of modification of a 

conserved NLS. An alternative hypothesis could propose decreased enzymatic 

activity through interference with conserved putative zinc-coordinating cysteines 

in the adjacent post-SET domain (Figure 2.8). Mutagenesis studies have shown 

these cysteines to be required for enzymatic activity in other post-SET domain-

containing H3K9 methyltransferases (54). However, given the rather modest 

decrease in global H3K9me3 in sulforaphane-treated cells compared to 

catalytically-impaired SUV39H1 mutants (35, 55, 56), inhibition of SUV39H1 

activity is less likely. This interpretation is also in agreement with a recent report 

by Park et al (57) where they characterized CDK2-dependent phosphorylation of 

SUV39H1 at lysine 391, a mark we identified in sulforaphane-treated PC3 lysate 

by mass spectrometry (Figure 2.4). Mutagenesis at lysine 391 to mimic 

phosphorylation did not alter enzymatic activity, but did influence occupancy at 

heterochromatin and led to a decrease in H3K9me3 at specific repeat elements. 

This supports our model proposing that modification of this region leads to 

decreased H3K9me3 through a shift from chromatin-associated to mobile 

SUV39H1 and not through impaired enzymatic activity. 

 This is the first investigation to characterize changes in 

SUV39H1/H3K9me3 in the response to sulforaphane in any cell type. Although 

SUV39H1 turnover rate and recovery time have been shown to have a significant 

impact on global H3K9me3 and genome stability (35), the impact in the context of 

sulforaphane treatment is not known. We found that increased H3K9me3 in 

SUV39H1-transfected cells associated with decreased apoptotic signaling 

(Figure 2.10), indicating that H3K9me3 is protective in sulforaphane-treated PC3 

cells and suggesting that modulation of this methyl-mark and modifier actively 

contributes to sulforaphane cytotoxicity. 

 An important aspect of our investigation is the characterization of 

SUV39H1 modification within twelve hours of sulforaphane treatment. 

Sulforaphane is rapidly metabolized and excreted from the body (58, 59). Even 



35 

 

 

when administered intravenously at a pharmacological dose to achieve ~15 µM 

plasma concentration in a rat model, the majority of sulforaphane and its 

metabolites are cleared in less than twelve hours (11). Our treatment periods 

exist within the pharmacokinetic parameters of sulforaphane metabolism in vivo, 

suggesting our results may be achievable in a clinical setting. 

 Here, we implicated a new chromatin mark and CME in the cellular 

response to sulforaphane in PC3 prostate cancer cells. We propose a model 

where sulforaphane causes a decrease in H3K9me3 through posttranslational 

modification of H3K9 methyltransferase SUV39H1, and that this actively 

contributes to sulforaphane-induced apoptotic signaling. These findings suggest 

that targeting SUV39H1 dynamics to enhance cell death signaling may be a 

strategy worth exploring in treating advanced metastatic cancers. 

 

2.5 Materials and Methods 

2.5.1 Cells and Reagents 

 Prostate cancer cells (PC3 and LNCaP) were purchased from American 

Type Culture Collection (Manassas, VA, USA) or received as a gift (DU145 line 

from Dr. Philippe T. Georgel, Marshall University). Cells were maintained in 

RPMI-1640 media with L-glutamine supplemented with FBS (50 ml FBS / 500 ml 

media) at 37°C 5% CO2. PC3 and LNCaP cell lines were validated by Idexx Radil 

(Columbia, MO, USA) on December 24, 2012. Sulforaphane was purchased from 

LKT Laboratories (St. Paul, MN, USA). Sulforaphane-glutathione and 

sulforaphane-cysteine were purchased from Toronto Research Chemicals 

(Toronto, ON, Canada). MG132 was purchased from Santa Cruz Biotechnology 

(Dallas, TX, USA). Primary antibodies against ubiquitin (Santa Cruz), SUV39H2 

(Santa Cruz), SUV39H1 (Santa Cruz, Millipore [Billerica, MA, USA]), SirT1 

(eBioscience, San Diego, CA, USA), β-actin (Sigma, Saint Louis, MO, USA), 

trimethyl histone H3 lysine 9 (Millipore), cleaved PARP (Cell Signaling, Danvers, 

MA, USA), cyclin B1 (Cell Signaling), fibrillarin (Cell Signaling), LSD1 (Abcam, 
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Cambridge, MA, USA), JMJD1A (Abcam), JMJD2C (Abcam), α-tubulin (Sigma) 

and histone H3 (Bethyl, Montgomery, TX, USA), and HRP-conjugated secondary 

antibodies (Santa Cruz) were used in accordance with the manufacturer’s 

protocol. SirT1 Activity Assay was conducted in accordance with the 

manufacturer’s protocol (Sigma). Sulforaphane-cysteine and sulforaphane-

glutathione conjugates were produced in house. LC-MS grade solvents were 

purchased from Millipore. Subconfluent cells were treated with control [dimethyl 

sulfoxide (DMSO)], sulforaphane (15 µM), and/or MG132 (at the indicated dose) 

and incubated at 37°C 5% CO2 until harvest. 

 

2.5.2 Protein Analysis 

 Protein lysates were prepared in RIPA protein lysis buffer (150 mM NaCl, 

1% Triton X-100, 0.5% NaDOC, 0.1% SDS, 20 mM Tris pH 8.0) supplemented 

with protease inhibitor cocktail (Thermo, Waltham, MA, USA) followed by 

sonication in an ice-cold waterbath. Lysates were cleared by centrifugation at 

4°C and quantitated by DCA Protein Assay (BioRad, Hercules, CA, USA). For 

SUV39H1 localization, cells were incubated in 0.5% Triton X-100 PBS with 

protease inhibitor cocktail for 15 minutes on ice. Cells were then vortexed and 

nuclei spun out. Nuclei were washed in PBS and resuspended in RIPA lysis 

buffer and incubated on ice 10 minutes. Lysates were then subjected to 

sonication in an ice-cold waterbath. 

 Proteins were separated by SDS-PAGE and blotted to a PVDF membrane 

(BioRad) using NuPAGE Reagents and equipment in accordance with the 

manufacturer’s protocols (Invitrogen, Carlsbad, CA, USA). Membranes were 

blocked and probed for proteins of interest following manufacturer’s protocols. 

Membranes were incubated in SuperSignal West Femto Reagent (Thermo) and 

developed on the AlphaInnotech FluorChem 8900 system. Membranes were 

stripped using ReBlot Plus Strong Solution as needed in accordance with the 

manufacturer’s protocol (Millipore). Densitometric analyses were performed on 
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the native membrane image using AlphaInnotech FluorChem 8900 software. For 

each membrane, the relative densitometric value of each replicate for a given 

probe was normalized to the corresponding relative level of the normalizing 

protein. For graphing, treatments are expressed relative to Control (set to the 

value 1). Proteins are normalized to β-actin unless otherwise indicated. 

 

2.5.3 Immunoprecipitation 

 Lysates were prepared by one freeze-thaw in non-denaturing lysis buffer 

(137 mM NaCl, 1% Triton X-100, 2 mM EDTA, 20 mM Tris pH 8.0), cleared by 

centrifugation, and quantitated by DCA Protein Assay (BioRad). Equal protein 

lysate (2-3 mg) was incubated with primary antibody (anti-ubiquitin or anti-

SUV39H1) overnight at 4°C, then with Protein A agarose (Sigma) or Protein A/G 

PLUS agarose (Santa Cruz) for 2-4 hours at 4°C. Immunoprecipitations were 

washed 3-5 times in non-denaturing lysis buffer and eluted in 2% SDS TBS at 

room temperature for 15 minutes. 

 

2.5.4 Immunofluorescence 

 Immunofluorescence was carried out following standard protocols. Briefly, 

PC3 cells were grown and treated on glass coverslips. Cells were fixed in 100% 

methanol then in 4% paraformaldehyde. Fixed cells were permeabilized in 0.4% 

Triton X-100 PBS and blocked in 5% BSA 0.1% NP-40 PBS. Cells were probed 

with SUV39H1 antibody (Santa Cruz), followed by incubation in anti-rabbit Alexa 

Fluor-555 (Invitrogen), and finally with DAPI (Millipore). Coverslips were mounted 

on glass slides using ProLong Gold Antifade Reagent (Invitrogen) and images 

captured on a Nikon Eclipse E400 microscope using Nikon NIS-Elements 

software. 
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2.5.5 Mass Spectrometry 

 PC3 cells were washed twice in 50 mM sodium bicarbonate and subjected 

to one freeze-thaw at -80°C in 50 mM sodium bicarbonate. Liberated proteins 

were separated from cellular debris by centrifugation at 13,000 rpm for 10 

minutes at 4°C. Proteins were reduced, alkylated and digested using Trypsin 

Gold in presence of ProteaseMax surfactant according to the manufacturer’s 

protocols (Promega, Madison, WI, USA). 

 LC-MS/MS analysis was carried out using a nanoAcquity UPLC system 

(Waters Corporation, Milford, MA, USA) coupled to a LTQ-FT MS instrument 

(Thermo Fisher Scientific, San Jose, CA, USA). A binary solvent system 

consisting of solvent A (water with 0.1% formic acid) and solvent B (acetonitrile 

with 0.1 % formic acid) was used for the analyses. Tryptic peptides (2 µL) were 

loaded onto a peptide trapping column (Michrom Cap Trap, Bruker Daltonics Inc, 

Billerica, MA, USA) and separated using a C18 analytical column (Agilent Zorbax 

300SB-C18, 250 x 0.3 mm, 5 μm). Peptides were trapped and washed with 3% 

solvent B for 3 min at a flow rate of 5 μL/min. Peptide separation was achieved 

using a linear gradient from 10% to 30% B at a flow rate of 4 μL/min over 102 

min. The LTQ-FT mass spectrometer was controlled by Xcaliber 2.0 (Thermo 

Fisher Scientific, San Jose, CA, USA) and operated in data-dependent MS/MS 

acquisition (DDA) with MS precursor ion scan, performed in the ICR cell, from 

350-2000 m/z. Instrument resolving power was set to 100,000 at m/z 400, and 

MS/MS scans were performed by the linear ion trap on the five most abundant 

doubly or triply charged precursor ions detected in the MS scan. 

 Thermo RAW data files were processed with Mascot database analysis 

software (v2.3) (Matrix Science, Boston, MA, USA) within Proteome Discoverer 

v1.4.0. Data files were searched against the Human protein RefSeq database 

downloaded from NCBI (http://www.ncbi.nlm.nih.gov/protein) and to an in-house 

database containing SUV39H1 protein sequence (NP_003164.1) and decoy 

protein sequences including common contaminants. 
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 The following parameters were used to search the database: the digestion 

enzyme was set to Trypsin and three missed cleavage sites were allowed. The 

precursor ion mass tolerance was set to 20 ppm, and the fragment ion tolerance 

was set to 1.0 Dalton. Dynamic modifications that were considered included 

carbamidomethyl-cysteine (+57.02 Da), oxidated methionine (+15.99 Da), 

deamidated asparagine or glutamine (+0.98 Da), phospho-serine, -threonine, or -

tyrosine (+97.98 Da), ubiquitinated lysine (+114.04 Da), methyl-lysine (+14.02), 

and acetyl-lysine (+42.01 Da). Automatic target decoy search with 1% false 

discovery rate (FDR) was included into the Mascot search. Scaffold_3.3.1 

(Proteome Software, Portland, OR, USA) was used for search data compilation 

and data evaluation with an embedded X!Tandem database searching algorithm. 

Protein identifications were accepted if they could be established at greater than 

90.0% probability and contained at least 2 identified peptides per protein with a 

FDR < 5%. Assigned spectra were inspected manually for quality. Spectra 

assigned to both databases (Human RefSeq and in-house DB) were manually 

assigned using custom python scripts and the best match selected. 

 

2.5.6 Quantitative Real-Time PCR 

 Total RNA was harvested by TRIzol reagent in accordance with the 

manufacturer’s protocol (Invitrogen). cDNA was prepared from 1 µg RNA using 

the SuperScript III kit from Invitrogen. Approximately 50 ng cDNA was amplified 

by Fast SYBR Green Reagent in accordance with the manufacturer’s protocol 

(Invitrogen) on a 7900HT Real Time PCR Machine (Applied Biosciences). 

Primers: GAPDH (sense 5’-CGAGATCCCTCCAAAATCAA-3’, antisense 5’-

TTCACACCCATGACGAACAT-3’); HO1 (sense 5’-CTTCTTCACCTTCCCCAAC-

3’, antisense 5’-GCTCTGGTCCTTGGTGTCATA-3’); SUV39H1 (sense 5’-

GCTAGGCCCGAATGTCGTTA-3’, antisense 5’-GCCTTCTGCACCAGGTAGTT-

3’) 
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2.5.7 SUV39H1 Cloning 

 SUV39H1 coding sequence was amplified from PC3 cDNA using primers 

to append a 5’ EcoRI and 3’ NotI restriction site (sense 5’-

CTGCCGCCGAATTCCCCGAATGTCGTTAGCCGTGGGGAAAG-3’, antisense 

5’-ATCTGAGAGCGGCCGCCACGGCCACAGCCCTGAACG-3’). SUV39H1 

coding sequence was digested and ligated into pCMV6-AC-GFP destination 

vector (Origene, Rockville, MD, USA). The ligation mixture was transformed into 

One Shot TOP10 Chemically Competent E. coli following the manufacturer’s 

protocol (Invitrogen). Plasmid was isolated using the QIAprep Spin Miniprep Kit 

(Qiagen). Candidates were screened for insert using SUV39H1 primers (sense 

5’-GCTAGGCCCGAATGTCGTTA-3’, antisense 5’-

GCCTTCTGCACCAGGTAGTT-3’) and restriction digest fingerprinting. The final 

construct selected for PC3 transfection was validated by sequencing at the 

Center for Genome Research and Bioinformatics (CGRB) at Oregon State 

University (sense 5’-GCTAGGCCCGAATGTCGTTA-3’, antisense 5’-

GCCTTCTGCACCAGGTAGTT-3’, antisense 5’-

ATCTGAGAGCGGCCGCCACGGCCACAGCCCTGAACG-3’). The final 

construct was found to contain the SUV39H1 RefSeq coding sequence 

(NM_003173.3). 

 

2.5.8 Transient Transfection of PC3 Cells 

 PC3 cells were grown to 70-80% confluence in 6-well plates and 

transfected with pCMV6-AC-GFP or pCMV6-SUV39H1 plasmid using 

Lipofectamine 2000 according to the manufacturer’s recommendations 

(Invitrogen). Briefly, growth media was replaced with unsupplemented DMEM 

prior to transfection. Cells were transfected with 5 ug plasmid per well and 

allowed to rest 12 hours. Media was then replaced with growth media and cells 

allowed to recover for 24 hours before beginning treatments. 
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Figure 2.1. (a) Sulforaphane causes a global decrease in H3K9-trimethylation in PC3 cells. 
H3K9me3 was decreased relative to global histone H3 at 6 and 12 hours post-treatment (p < 0.01 
by two-way ANOVA with Bonferroni post-test, mean + SEM for three independent experiments). 
(b) Representative blot from one of three independent experiments at 12 hours post-treatment. 
(c) SUV39H1 is increased at 6 hours post-treatment (p < 0.05 by two-way ANOVA with 
Bonferroni post-test, mean + SEM for three independent experiments). The early increase in 
SUV39H1 was not maintained, with the protein returning to control level by 12 hours. (d) 
Representative blots from one of three independent experiments at 12 hours post-treatment. β-
actin was probed as a loading control. (SFN: sulforaphane).
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Figure 2.2. Cyclin B1 is not increased in sulforaphane treated cells relative to control at 6 or 12 
hours post-treatment. β-actin was probed as a loading control. 
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Figure 2.3. (a) Sulforaphane does not significantly alter the global level of selected H3K9 
demethylases, though the expression in highly variable in PC3 cells (12h blot pictured). No 
change in (b) LSD1 (KDM1A), (c) JMJD1A (KDM3A) or (d) JMJD2C (KDM4C) was noted in 
sulforaphane-treated cells (two-way ANOVA with Bonferroni post-test, mean + SD). (SFN: 
sulforaphane). 
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Figure 2.4. Identification of ubiquitinated and acetylated lysine residues on SUV39H1 in 
sulforaphane-treated PC3 cells. (a) a, y, and b ion peptide coverage by LC-MS/MS of the C-
terminal peptide 379-MDSNFGLAGLPGSPKKRVR-397 in control-treated (DMSO) (left) and 
sulforaphane-treated (right) cell lysate. Coverage corresponds to asterisked peptides in (b). (b) 
peptides and modifications of the C-terminal region. The C-terminal region of interest is 
phosphorylated (P) and methylated (M) in both DMSO control and sulforaphane-treated lysates. 
Ubiquitinated (Ub) and acetylated (Ac) lysines were only identified in sulforaphane-treated cells. 
Spectra for the asterisked peptides in (b) can be found in Figure 2.5. 
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Figure 2.5. Peptides assigned to SUV39H1 by LC-MS/MS. (a) peptides assigned to SUV39H1 in 
DMSO-treated (left) and sulforaphane-treated (right) PC3 cell lysates shaded in grey. SUV39H1 
protein sequence (NP_003164.1) is shown wrapped (N-terminus to C-terminus). The 
ubiquitinated and acetylated C-terminal peptide shown in Figure 2.4 is under lined. (B) Tandem 
mass spectra of the ubiquitinated and acetylated peptide; assigned fragment ions are marked 
with a black dot. 
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Figure 2.6. (a) PC3 cells were co-treated with MG132 (10 µM) and DMSO or sulforaphane for 9 
hours. Ubiquitinated proteins were immunoprecipitated from lysates and subsequently analyzed 
for SUV39H1 protein. An increase in ubiquitinated SUV39H1 was noted in sulforaphane-treated 
cells. The increase in high-molecular weight SUV39H1 occurred despite a global decrease in 
ubiquitinated protein levels. Untreated PC3 lysate (Ntx) was immunoprecipitated with normal IgG 
and analyzed in parallel as a control. (b) The reverse immunoprecipitation (SUV39H1 
immunoprecipitation → ubiquitin analysis) under the same experimental conditions as (a) 
confirmed increased ubiquitinated SUV39H1 in sulforaphane treated cells. (SFN: sulforaphane). 
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Figure 2.7. (a) Sulforaphane does not affect SirT1 protein level at 6 or 12 hours post-treatment. 
Sample blot from 12 hour time-point pictured (two-way ANOVA with Bonferroni post-test, mean + 
SD). (b) intracellular sulforaphane metabolites do not directly inhibit or activate SirT1 catalytic 
activity (student’s T-test, mean + SD). RFU: relative fluorescence units, Sirt1: basal enzyme 
activity, NC: negative control (nicotinamide solution), PC: positive control (resveratrol), Blank: no 
enzyme, SFN-GSH: sulforaphane-glutathione (1 mM), SFN-Cys: sulforaphane-cysteine (150 µM). 
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Figure 2.8. Domain architecture of SUV39H1 (upper) and expanded region of interest [lower 
(residue 387-412)] containing putative nuclear localization signal (NLS). Modified lysines 
identified by LC-MS/MS marked by asterisk. The putative NLS was predicted by three 
independent motif searching tools. Alignment of selected orthologous SUV39H1 protein 
sequences revealed the putative NLS is conserved in vertebrates [from top to bottom: Homo 
sapiens (human), Mus musculus (mouse), Rattus norvegicus (rat), Canis familiaris (dog), Felis 
catus (cat), Drosphila melanogaster (fruit fly), Neurospora crassa (fungi)]. 
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Figure 2.9. (a) representative image of control (DMSO) and sulforaphane-treated (12 hour) PC3 
cells with nuclear (DAPI) and SUV39H1 labeling for immunofluorescent imaging. The chromatin-
associated SUV39H1 foci and dispersed nuclear and perinuclear mobile fractions are readily 
visible. (b) Sulforaphane leads to a decrease in chromatin-associated SUV39H1. PC3 cells were 
treated for 8 hours with sulforaphane. MG132 was spiked into the culture dishes at a final 
concentration of 50 µM for the last 2 hours of the treatment. The high dose, short duration 
treatment was to halt a sulforaphane-stimulated increase in proteasome activity and decrease the 
impact of any MG132 toxicity. The experimental conditions did inhibit protein degradation 
(increase in ubiquitinated proteins in sulforaphane-treated PC3 cells). (c) densitometry showed a 
decrease in histone-associated SUV39H1 and an increase in mobile SUV39H1 (* p < 0.05, ** p < 
0.01 by two-way ANOVA with Bonferroni post-test, mean + SD). Histone-associated (nuclear, 
immobile) SUV39H1 normalized to nuclear marker fibrillarin. Mobile (cytoplasmic) SUV39H1 
normalized to β-actin. (SFN: sulforaphane). 
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Figure 2.10. SUV39H1 decreases cleaved PARP in sulforaphane-treated PC3 cells. PC3 cells 
were transfected with GFP (control) or SUV39H1 (SUV) expression vector and allowed to recover 
for 36 hours. Cells were incubated with sulforaphane for 24 hours prior to harvesting whole cell 
lysates. H3K9me3 is increased in SUV39H1-transfected PC3 cells (SUV:DMSO, SUV:SFN) 
relative to GFP control (GFP:DMSO, GFP:SFN) (normalized to histone H3), though no increase 
in total SUV39H1 protein was noted (normalized to β-actin). Sulforaphane treatment significantly 
increased apoptotic signaling as assessed by cleaved PARP (cPARP) in GFP and SUV39H1 
transfected cells. SUV39H1 overexpression significantly decreased cPARP protein levels, 
indicating decreased apoptotic signaling (* p <0.05, ** p < 0.01 by one-way ANOVA with 
Bonferroni post-test for each protein, mean + SEM for two independent experiments; blot from 
representative experiment pictured). 
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Figure 2.11. SUV39H1 (SUV) expression is increased approximately 2 000 fold in transfected 
PC3 cells. RNA was isolated 12 hours post-treatment to assess SUV39H1 expression. Heme-
oxygenase 1 (HO1) expression was analyzed as a positive control for sulforaphane exposure [3] 
and to confirm that the transfection procedure did not dramatically alter the response to 
sulforaphane.
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3.1 Abstract 

Scope: The phytochemical sulforaphane has been shown to decrease prostate 

cancer metastases in a genetic mouse model of prostate carcinogenesis, though 

the mechanism of action is not fully known. Sulforaphane has been reported to 

stimulate autophagy, and modulation of autophagy has been proposed to 

influence sulforaphane cytotoxicity; however, no conclusions about autophagy 

can be drawn without assessing autophagic flux, which has not been 

characterized in prostate cancer cells following sulforaphane treatment. 

Methods and Results: We conducted an investigation to assess the impact of 

sulforaphane on autophagic flux in two metastatic prostate cancer cell lines at a 

dose shown to decrease metastasis in vivo. Autophagic flux was assessed by 

multiple autophagy related proteins and substrates. We found that sulforaphane 

can stimulate autophagic flux and cell death only at high concentrations, above 

what has been observed in vivo. 

Conclusion: These results suggest that sulforaphane does not directly stimulate 

autophagy or cell death in metastatic prostate cancer cells under physiologically 

relevant conditions, but instead supports the involvement of other in vivo factors 

as important effectors of sulforaphane- mediated prostate cancer suppression. 

 

3.2 Introduction 

 Sulforaphane (1-isothiocyanato-4-methylsulfinylbutane) is a plant-derived 

isothiocyanate that has been the subject of scientific investigation for several 

decades. The compound is bioactive and induces an array of cellular responses 

that are associated with health benefits [1]. In the cancer field, sulforaphane has 

long been known as an effective “blocking agent” [2]. Sulforaphane is a well-

characterized inducer of cytoprotective enzymes, particularly the Phase I and 

Phase II detoxifying enzymes controlled by nuclear factor erythroid-derived 2 

factor 2 (nrf2) transcription factor [3]. This effect has been shown to have an 

important role in genome protection by increasing a cell’s ability to neutralize and 
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remove electrophiles and reactive intermediates and effectively limit cancer 

initiating events. 

 More recent work has suggested that sulforaphane may also possess 

cancer-suppressive properties in addition to its blocking activity. A number of 

investigations have demonstrated a cytotoxic response in transformed cells 

relative to normal cells at equi-dose pharmacological concentrations, though the 

sensitivity to sulforaphane between cell lines is highly variable [4, 5]. High-dose 

sulforaphane (i.e. pharmacological doses exceeding a typical dietary exposure) 

has been reported to stimulate stress-response pathways in addition to the 

antioxidant response mediated by nrf2, including increased heat shock protein 

and chaperone expression [6], increased proteasomal degradation capacity [6], 

cell-cycle arrest [1] and induction of autophagy (specifically macroautophagy) [7, 

8]. Modulation of autophagy is a particularly interesting finding because 

autophagy is known to be dysregulated in cancer cells and has been proposed 

as a direct therapeutic target or as a chemo-sensitizer to enhance the efficacy of 

other agents [9]. Over 40 clinical trials are currently registered with the National 

Institutes of Health investigating modulation of autophagy as a therapeutic 

strategy (clinicaltrials.gov). 

 Autophagy is the process by which cellular substrates are engulfed by a 

double membrane vacuole and delivered to the lysosome for degradation [10]. 

The double membrane is marked by lipidated LC3 (LC3-II, LC3-PE) and 

sequesters substrates either non-specifically or specifically through autophagy 

adaptor proteins (e.g. p62 / SQSTM1). Autophagic activity (i.e. autophagic flux) 

can thus be assessed by monitoring the levels of these proteins [11, 12]. 

Although autophagy has been implicated in the cellular response to sulforaphane 

both in vitro in prostate cancer cell lines [7] and in vivo in a mouse model of 

prostate cancer [13], no study has characterized the effect on flux in prostate 

cancer cells. Because autophagy is a dynamic process, movement of substrates 

through the degradation pathway must be addressed to assess whether 
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sulforaphane enhances or impairs autophagy [11]. We also now know that 

autophagy and apoptosis often co-occur and share a subset of molecular 

components [14], suggesting induction of autophagy may be a concurrent but 

inconsequential result of apoptotic stimulation in response to sulforaphane. In 

addition, nearly all previous in vitro studies characterizing autophagy and cell 

death in prostate cancer cells utilize sulforaphane at concentrations above what 

is relevant in vivo or for treatment periods that do not match in vivo sulforaphane 

pharmacokinetics [4, 7, 15-28]. We therefore undertook an investigation to clarify 

the relationship between autophagy, apoptosis and sulforaphane in metastatic 

prostate cancer cells under more physiologically relevant conditions. 

 
3.3 Materials and methods 

3.3.1 Chemicals and Reagents 

 R,S-Sulforaphane was purchased from LKT Laboratories (St. Paul, MN, 

USA) and resuspended in dimethyl sulfoxide (DMSO) (EMD Millipore, Darmstadt, 

Germany). Chaetocin was purchased from Sigma-Aldrich (St. Louis, MO, USA) 

and resuspended in DMSO. Ammonium chloride (NH4Cl) (Sigma-Aldrich) was 

prepared in sterile water. Mitochondrial dye MitoTracker Deep Red FM was 

purchased from Invitrogen (Carlsbad, CA, USA) and resuspended in DMSO. 

Primary antibodies for p62 (Santa Cruz Biotechnology), LC3A/B (Cell Signaling 

Technology, Danvers, MA, USA), cleaved poly-ADP ribose polymerase (cPARP) 

(Cell Signaling Technology), cytochrome c (CYCS) (Santa Cruz Biotechnology) 

and β-actin (Sigma-Aldrich) were used in accordance with the manufacturer’s 

protocol. HRP-conjugated secondary antibodies (Santa Cruz Biotechnology) for 

Western Blotting detection and AlexaFluor-conjugated secondary antibodies for 

immunofluorescence/confocal imaging (Invitrogen) were used in accordance with 

the manufacturer’s protocol. 
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3.3.2 Cell Lines and Culture Conditions 

 PC3 [androgen receptor (AR) negative] and LNCaP (AR positive) 

metastatic prostate cancer cell lines were purchased from American Type 

Culture Collection (ATCC, Manassas, VA, USA). Cells were maintained in RPMI-

1640 media with L-glutamine supplemented with fetal bovine serum (FBS, 50 ml 

FBS / 500 ml media) at 37°C 5% CO2. Cell lines were validated by Idexx Radil 

(Columbia, MO, USA) on December 24, 2012. Subconfluent cells were treated 

under the indicated conditions prior to harvest. Treatment reagents were used at 

the following concentrations: sulforaphane as indicated, 30 mM NH4Cl, 500 nM 

chaetocin (CHAE). DMSO, or other appropriate carrier control, was used as 

needed for control treatments. For serum deprivation/starvation (SS), cells were 

rinsed thoroughly in PBS three times then cultured in RPMI-1640 with L-

glutamine for the treatment period. 

 

3.3.3 Protein Preparation and Western Blot Analysis 

 Protein lysates were prepared in RIPA cell lysis buffer (150 mM NaCl, 1% 

Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 20 mM TRIS pH 8.0) 

supplemented with protease inhibitor cocktail (Thermo, Waltham, MA, USA). Cell 

lysate was cleared of insoluble material by centrifugation at 4°C (10 minutes, 

13,000 RPM) and quantitated by the DCA Protein Assay (BioRad, Hercules, CA, 

USA). Equal amounts of protein were separated by SDS-PAGE and blotted to a 

PVDF membrane (BioRad) using NuPAGE Reagents and equipment in 

accordance with the manufacturer’s protocol (Invitrogen). Membranes were 

blocked and probed for the indicated proteins following standard protocols. For 

protein detection membranes were incubated in SuperSignal West Femto 

Reagent (Thermo) and developed on the AlphaInnotech FluorChem 8900 system 

(ProteinSimple, San Jose, CA, USA). Densitometric analyses were performed on 

the native membrane image using AlphaInnotech FluorChem 8900 software 

(ProteinSimple). For each membrane, the relative densitometric value of each 
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replicate for a given probe was normalized to the corresponding relative level of 

the normalizing protein (β-actin). For graphing, treatments are expressed relative 

to Control (set to the value 1). 

 

3.3.4 Mitochondrial Staining and Confocal Imaging 

 Cells were grown and treated on glass coverslips. Mitochondria were 

stained using MitoTracker Deep Red FM probe following the manufacturer’s 

protocol. The MitoTracker probe was added at 200 nM during the final 30 

minutes of cell treatment and then cells were prepared for immunostaining 

following standard protocols. Briefly, cells were rinsed in PBS and 

fixed/permeabilized in ice-cold 100% methanol for 10 minutes at -20°C. Cells 

were blocked in 1X PBS, 5% BSA, 0.3% Triton X-100. Cells were probed with 

primary antibodies in 1X PBS, 1% BSA, 0.3% Triton X-100 overnight at 4°C. 

After incubation with secondary antibodies cells were rinsed three times in PBS, 

with the final rinse containing DAPI nuclear stain. Coverslips were mounted on 

glass slides using ProLong Gold Antifade Reagent (Invitrogen) and allowed to 

set. Slides were visualized on a Zeiss LSM 510 Meta Confocal Microscope 

(Oberkochen, Germany) at the Center for Genome Research and Biocomputing 

(CGRB) at Oregon State University. 

 

3.3.5 Quantitative Real-Time PCR 

 Total RNA was harvested by TRIzol reagent in accordance with the 

manufacturer’s protocol (Invitrogen). cDNA was prepared from 1 µg RNA using 

the SuperScript III kit from Invitrogen. cDNA was amplified by Fast SYBR Green 

Reagent in accordance with the manufacturer’s protocol (Invitrogen) on a 

7900HT Real Time PCR Machine (Applied Biosciences). 

Primers: GAPDH (sense 5’-CGAGATCCCTCCAAAATCAA-3’, antisense 5’-

TTCACACCCATGACGAACAT-3’); HMOX-1 (sense 5’-

CTTCTTCACCTTCCCCAAC-3’, antisense 5’-GCTCTGGTCCTTGGTGTCATA-
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3’); p62 (sense 5’-CATCGGAGGATCCGAGTGTG-3’, antisense 5’-

TTCTTTTCCCTCCGTGCTCC-3’). 

 

3.3.6 Statistical Analysis 

 Graphing and statistical analyses were performed using GraphPad Prism 

Software (La Jolla, CA, USA). Figures depict one representative experiment. 

Graphs depict mean + SEM for at least two independent experiments. Statistical 

significance was determined by Student’s t-Test or one-way analysis of variance 

(ANOVA) with Tukey’s post-test where appropriate. Significance is indicated by 

asterisk, with * = p < 0.05, ** = p < 0.01, *** = p < 0.001. 

 
3.4 Results 

3.4.1 Sulforaphane does not directly influence autophagic activity in metastatic 
prostate cancer cells 
  

 To test whether sulforaphane has any direct influence on autophagic 

activity in metastatic prostate cancer cells, PC3 and LNCaP cells were treated 

with sulforaphane under conditions relevant to an in vivo therapeutic exposure 

(15 µM for 4 hours) [29]. Cells were co-treated in the presence of the 

lysosomotropic degradation inhibitor ammonium chloride (AC; NH4Cl) to assess 

delivery of substrates to the lysosome [11, 12]. Protein levels of the autophagy 

adaptor p62 (SQSTM1) and LC3 [microtubule associated protein 1 light chain 3 

(MAP1LC3)] were monitored to determine autophagic activity. Culturing in AC for 

4 hours indicated both cells types are undergoing constant autophagic flux as 

assessed by an accumulation of LC3-II (Figure 3.1, Lane 1 and 2). In PC3 cells, 

serum starvation (SS) (positive control for flux) stimulated autophagic activity as 

indicated by a significant increase in p62 protein level and accumulation of LC3-II 

(Figure 3.1A, Lane 2 and 4). No significant change in p62 protein or LC3-II was 

noted in sulforaphane treated cells (Figure 3.1A, Lane 2 and 3), indicating no 
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influence on autophagic flux. Analyses in LNCaP cells also showed that 

sulforaphane did not influence autophagic activity (Figure 3.1B). 

 

3.4.2 Sulforaphane does not influence autophagic flux following prolonged 
exposure 
  

 Sulforaphane leads to a dose-dependent increase in reactive oxygen 

species (ROS) and activation of cytoprotective programs [1, 16, 30], suggesting 

prolonged exposure to sulforaphane may indirectly influence autophagic flux. To 

address this issue, PC3 cell were treated with sulforaphane and/or various flux-

modifiers for 24 hours to determine whether sulforaphane inhibits or stimulates 

autophagic flux (Figure 3.2). 

 We did not find sulforaphane to influence autophagic flux following an 

extended 24 hour treatment period. Sulforaphane did not decrease flux: we 

observed no increase in p62 or LC3-II in sulforaphane-treated cells as is seen in 

AC-treated cells (Figure 3.2A Lane 1, 2 and 3); we also noted no increase in p62 

or LC3-II under conditions of high flux (Figure 3.2A Lane 5 and 6). 

 Sulforaphane also did not increase flux under these conditions: we 

observed no increase in p62 in sulforaphane-treated cells as is seen in SS-

treated cells (positive control for flux) in the presence of AC (Figure 3.2A Lane 3, 

4 and 7). In agreement with no increase in p62 protein in sulforaphane-treated 

cells (Figure 3.2A Lane 2 and 1, Lane 4 and 3, Lane 6 and 5, Lane 8 and 7), 

sulforaphane did not significantly increase p62 gene expression at this dose 

(Figure 3.3). 

 In addition to p62 and LC3 as indicators of autophagic flux, we also 

assessed potential mitochondrial involvement since mitochondria are reportedly 

required for sulforaphane-stimulated cell death [19] and damaged mitochondria 

are both a ROS source and an autophagy substrate [31]. Flux analysis indicated 

that mitochondria are not significantly turned over through the lysosome during 
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our treatment period (Figure 3.2A Lane 1 and 3) and that sulforaphane does not 

stimulate mitochondrial turnover (Figure 3.2A Lane 3 and 4) as assessed by 

cytochrome c (CYCS) levels. We also observed no colocalization of mitochondria 

and LC3 puncta in sulforaphane-treated cells (Figure 3.2B), confirming that 

mitochondria are not directed toward sites of autophagy following sulforaphane 

treatment. Analysis of neutral lipid as an autophagy indicator by counting neutral 

lipid-positive cells also suggested sulforaphane does not influence autophagic 

flux (data not shown) [32-34]. 

 Visualization of LC3 puncta also did not suggest an increase in flux 

(Figure 3.2B). We noted LC3 puncta in both control and sulforaphane-treated 

cells, which is in agreement with constitutive flux we observed in the flux assay 

(Figure 3.1, Figure 3.2A). Although sulforaphane did lead to an increase in LC3-II 

at 24 hours, we also observed an increase in LC3-I (Figure 3.2A Lane 1 and 2, 

Figure 3.3B). This resulted in no observed increase in LC3-II/LC3-I ratio, 

indicating no increase in autophagic flux (Figure 3.3B). This may be a result of 

increased LC3 gene expression in response to sulforaphane, which has been 

observed in breast cancer cells [35]. 

 Previous work has suggested that altering autophagic activity can 

influence apoptotic signaling in response to cytotoxic agents in cancer cells [9] 

and sulforaphane has been reported to induce apoptosis in prostate cancer cells 

[4, 7, 13]. We therefore tested whether inhibiting lysosomal degradation (AC 

treatment) or enhancing autophagy through SS sensitizes prostate cancer cells 

to 15 µM sulforaphane using cleaved poly-ADP ribose polymerase (cPARP) 

levels as a readout for apoptotic signaling (Figure 3.2A). Blocking lysosomal 

degradation (Figure 3.2A, Lane 3) or enhancing flux (Figure 3.2A, Lane 5) did not 

induce apoptosis in PC3 cells. Blocking degradation or enhancing flux also did 

not sensitize cells to sulforaphane (Figure 3.2A, Lane 4 and 6, respectively). 

Sulforaphane alone was unable to directly stimulate apoptosis under these 

treatment conditions (Figure 3.2A, Lane 2). Simultaneously driving autophagic 
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flux while inhibiting lysosomal degradation did not trigger apoptosis (Figure 3.2B, 

Lane 7) or sensitize cells to sulforaphane (Figure 3.2A, Lane 8). In contrast, 

exposing cells to chaetocin (CHAE), a potent ROS-inducer [36], strongly 

triggered cell death. 

 

3.4.3 High-dose sulforaphane stimulates autophagic flux and cell death 

 To test whether sulforaphane influences autophagic flux at higher doses 

we conducted a dose escalation experiment in LNCaP cells (Figure 3.4). Cells 

were transiently exposed to sulforaphane for 4 hours to mimic an in vivo 

exposure [29]. Cells were treated with chaetocin (CHAE) in parallel as a positive 

control. Sulforaphane did stimulate autophagic flux at high concentrations (Figure 

3.4A and 3.4B). At 150 and 300 µM we observed a decrease in p62 protein and 

an increase in LC3-II (Figure 3.4A). Sulforaphane treatment in the presence of 

ammonium chloride (AC) partially rescued the decrease in p62 protein and 

showed an increase in LC3-II protein (Figure 3.4B), confirming protein 

degradation through the lysosomal pathway. Sulforaphane treatment at 150 and 

300 µM also lead to a phenotypic response (Figure 3.5) but was not sufficient to 

directly stimulate cell death in LNCaP cells within 4 hours, whereas chaetocin 

potently stimulated cell death as evidenced by the appearance of cleaved PARP 

(cPARP) (Figure 3.4A). 

 Although we did not observe induction of apoptosis at 4 hours, high-dose 

sulforaphane could lead to cell death at a later time point if the cells sustain an 

irrecoverable amount stress. To test this, LNCaP cells were treated for 4 hours 

as in Figure 3.4A and then the media was replaced with normal growth media for 

40 hours and the cells monitored for recovery as evidenced by continued growth. 

As seen in Figure 3.4C, control (DMSO) and 15 µM sulforaphane-treated cells 

continued to grow to confluence, as was expected given no indication of cell 

stress (Figure 3.1A, Figure 3.3, Figure 3.4A). All chaetocin-treated cells were 

dead 40 hours after media removal, consistent with the apoptotic signaling we 
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observed at 4 hours (Figure 3.4A). Cells transiently exposed to sulforaphane at 

150 µM did recover from the treatment, suggesting that this dose is not sufficient 

to overcome cytoprotective responses stimulated by sulforaphane. Sulforaphane 

at 300 µM was sufficient to cause an irrecoverable amount of stress as 

evidenced by cellular debris and minimal outgrowth of LNCaP cells 40 hours 

after media removal (Figure 3.4C, Figure 3.6). 

 
3.5 Discussion 

 Previous investigations have suggested the involvement of autophagy in 

sulforaphane-mediated cytotoxicity in prostate cancer cells based on the 

presence of autophagosomes and LC3-II production [7, 13]; however, the 

presence of these markers cannot differentiate between induction or inhibition of 

autophagic flux. These same markers would be expected to accumulate under 

conditions where autophagosome-lysosome fusion is impaired. To clarify the 

relationship between sulforaphane, autophagy and cell death we tested whether 

sulforaphane has any influence specifically on autophagic flux in metastatic 

prostate cancer cells at a dose shown to decrease metastasis in vivo (15 µM) 

[29]. Our results show that sulforaphane cannot directly stimulate autophagic flux 

and cell death in metastatic prostate cancer cells at this dose in vitro, but can 

directly stimulate flux and lead to cell death at higher concentrations (Figure 3.1, 

Figure 3.2, Figure 3.3B, Figure 3.4). This is consistent with previous 

investigations showing that high levels of sulforaphane and/or extended 

treatment periods are required to trigger cell death in metastatic prostate cancer 

cells in vitro [4, 7, 15-22]. 

 In our analysis of sulforaphane as a flux-modifier under conditions where 

flux is already impaired or up-regulated (AC and SS, respectively) (Figure 3.2), 

we found that sulforaphane does not further influence flux, suggesting no context 

specificity for a sulforaphane effect on flux. We also noted that modulation of flux 

did not sensitize cells to sulforaphane at the in vivo therapeutic dose of 15 µM 
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even at an extended 24 hour treatment period (Figure 3.2). Recent work in 

pancreatic carcinoma cells using different autophagy modifiers (chloroquine and 

rapamycin) has also demonstrated that these agents do not alter sulforaphane 

cytotoxicity [37]. Autophagy therefore may, under some conditions, influence 

sulforaphane cytotoxicity [35, 38], but the effect is cell-type and dose dependent. 

 In this investigation we chose a 4 hour sulforaphane exposure because in 

vivo data characterizing decreased prostate cancer metastasis following 

sulforaphane treatment showed that sulforaphane quickly reaches a plasma 

concentration peak of ~16 µM and is then rapidly eliminated from circulation in 4 

hours (Figure 3.1, Figure 3.5) [29]. The in vivo pharmacokinetics observed in this 

model of prostate cancer are in agreement with other in vivo analysis in mice and 

rats showing a spike in plasma concentration shortly after exposure followed by 

rapid elimination from the plasma and tissues [23-28]. Under these shorter 

transient treatment periods intended to simulate an in vivo exposure, we found 

that only very high doses of sulforaphane are able to directly lead to cell death in 

LNCaP cells (Figure 3.4). Even a 150 µM dose (~10 fold higher than in vivo 

circulating concentration) was not sufficient to lead to cell death following a 

transient exposure (Figure 3.4C). Recovery and continued growth after transient 

sulforaphane exposure has also been noted in two colon cancer cell lines [39, 

40], and although the outcome of repeated 15 µM exposures that mimic in vivo 

sulforaphane pharmacokinetics have not been tested in prostate cancer cells in 

vitro, repeated low-dose exposures in astrocytes has been shown to be 

protective against oxidative stress [41], likely through stimulating the same 

cytoprotective programs associated with genome protection in normal cells [13, 

26-29, 42]. 

 The inability of sulforaphane to induce autophagy and apoptosis in vitro 

when used at concentrations and treatment periods that mimic in vivo exposure 

(Figure 3.2, Figure 3.4) may suggest the existence of important in vivo factors 

that contribute to prostate cancer suppression that are difficult to address in vitro. 
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A few reports have suggested a role for enhanced immune cell activation toward 

cancer cells following sulforaphane treatment [29, 43], and any potential 

influence of sulforaphane on other tumor associated cells – such as tumor 

associated fibroblasts – is largely unexplored. This will be an interesting area of 

future research and will be important in understanding how sulforaphane leads to 

prostate cancer suppression in vivo. 
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Figure 3.1. Sulforaphane does not directly stimulate autophagic flux in metastatic prostate cancer 
cells. (A) PC3 or (B) LNCaP cells were grown for 4 hours under the appropriate conditions to 
assess autophagic flux. Lane 1: no treatment (DMSO control). Lane 2: lysosomal degradation 
inhibitor ammonium chloride (AC). Lane 3: sulforaphane (SF) 15 µM and AC. Lane 4: serum 
starvation (SS) and AC. One representative experiment of multiple independent experiments 
pictured (upper). Relative levels of p62 and LC3-II from two independent experiments were 
graphed and analyzed (lower). Proteins are expressed relative to β-actin. 
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Figure 3.2. Sulforaphane does not influence autophagic flux following prolonged exposure. (A) 
PC3 cells were treated for 24 hours under varying conditions to assess flux. Lane 1: DMSO 
(control). Lane 2: sulforaphane (SF) 15 µM. Lane 3: ammonium chloride (AC). Lane 4: SF and 
AC. Lane 5: serum starvation (SS). Lane 6: SF and SS. Lane 7: AC and SS. Lane 8: SF, AC and 
SS. Lane 9: chaetocin (CHAE). Cleaved poly-ADP ribose polymerase (cPARP) was assayed to 
assess apoptotic signaling. The autophagy adaptor/substrate p62, autophagosome 
marker/substrate LC3, and mitochondrial marker cytochrome c (CYCS) were assayed to assess 
autophagic flux. β-actin was probed as a loading control. LC3 (LE) indicates a Longer Exposure 
during membrane visualization. (B) PC3 cells treated with DMSO (control) (upper) or SF (lower) 
for 24 hours then processed for visualization of mitochondria (Green) and LC3 (Red). Scale bar is 
10 µm. 
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Figure 3.3. (A) Gene expression analysis in PC3 cells treated for 24 hours with DMSO (control) or 
sulforaphane (SF). Data are from two independent experiments. Heme-oxygenase 1 (HMOX-1) is 
a positive control for SF treatment. (B) PC3 cells treated 24 with DMSO or SF. Blot depicts two 
independent experiments (upper). Quantification of LC3-I and LC3-II (lower). β-actin was probed 
as a loading control. 
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Figure 3.4. High-dose sulforaphane stimulates autophagic flux and cell death. (A) LNCaP cells 
were treated with increasing amounts of sulforaphane (SF) for 4 hours. Cells were also treated 
with chaetocin (CHAE) as a positive control for cytotoxicity. Cleaved poly-ADP ribose polymerase 
(cPARP) was assayed to assess apoptotic signaling. The autophagy adaptor/substrate p62 and 
autophagosome marker/substrate LC3 were assayed to assess autophagic flux. β-actin was 
probed as a loading control. Representative blot from two independent experiments shown. (B) 
LNCaP cells were treated for 4 hours with high-dose sulforaphane in the absence or presence of 
ammonium chloride (AC) to impair lysosomal degradation. p62 and LC3 were assayed to assess 
autophagic flux. β-actin was probed as a loading control. (C) LNCaP cells were treated with SF at 
the indicated dose or with CHAE for 4 hours. Media was then replaced with normal growth media 
and the cells allowed to recover for 40 hours. Representative bright-field image shown at 4X 
magnification. Scale bar is 500 µm. Higher magnification can be seen in Fig. S3.
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Figure 3.5. Representative bright-field images of LNCaP cells treated for 4 hours with DMSO 
(control) or the indicated concentration of sulforaphane (SF) or chaetocin (CHAE). Images at 10X 
magnification. Scale bar is 200 µm. 
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Figure 3.6. Representative bright-field images of LNCaP cells 40 hours after treatment removal. 
Images at 10X magnification. Scale bar is 200 µm. 
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4.1 Abstract 

 Histone deacetylase 6 (HDAC6) is a multifunctional lysine deacetylase 

that is recently emerging as a central facilitator of response to stress and may 

play an important role in cancer cell proliferation. The HDAC6 inhibitor tubacin 

has been shown to slow the growth of metastatic prostate cancer cells and 

sensitize cancer cells to chemotherapeutic agents. However, the proteins 

HDAC6 interacts with, and thus its role in cancer cells, remains unknown. To 

address this gap we characterized the HDAC6-interacting proteins in LNCaP 

metastatic prostate cancer cells and found that HDAC6 interacts with proteins 

involved in several cellular processes, including autophagy. HDAC6 deacetylase 

activity has recently been shown to be required for efficient basal autophagic flux. 

Autophagy is often dysregulated in cancer cells and may confer stress resistance 

and allow for cell maintenance and a high proliferation rate. Based on our 

interaction screen, we assessed the impact of tubacin on autophagic flux in two 

metastatic prostate cancer cell lines and found that tubacin does not influence 

autophagic flux. HDAC6 therefore controls cell proliferation through an 

autophagy-independent mechanism in metastatic prostate cancer cells. 

 

Keywords: autophagy, metastatic prostate cancer, HDAC6, tubacin 

 

Abbreviations: 

HDAC6: histone deacetylase 6 

HDAC6i: HDAC6-inhibition 

AC: ammonium chloride 

 

4.2. Introduction 

Histone deacetylase 6 (HDAC6) is a cytoplasmic lysine deacetylase that 

has a role in maintaining homeostasis in response to cellular stressors (1). 

HDAC6 facilitates aggregation and turnover of misfolded proteins and is 
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protective during misfolded-protein stress (2, 3); its ubiquitin-binding domain is 

required for heat shock factor 1 (HSF1) activation and downstream induction of 

cytoprotective chaperone proteins (4); and its deacetylase activity is required for 

efficient fusion of autophagosomes and lysosomes for autophagic flux (5). 

Despite this critical role in homeostasis, how HDAC6 is regulated, the proteins it 

interacts with, its substrates and cell-type specific functions are only recently 

coming to light (6-8). 

The cytoprotective functions of autophagy suggest this process would be 

important in maintaining cell viability under conditions of heightened stress, such 

as during rapid proliferation or nutrient limitation. This is particularly relevant to 

cancer because the tumor microenvironment is an inherently stressful niche 

characterized by low nutrient concentrations, hypoxia, and damaging reactive 

oxygen species (ROS). Furthermore, metastatic cancers are likely evolved to 

require autophagy in response to selective pressures exerted throughout the 

process of dissemination (9-11). Consequently, autophagy is under investigation 

as a therapeutic target in cancer cells with the goal of inhibiting its cytoprotective 

function to slow growth or sensitize cancer cells to established therapeutic 

agents (12, 13). HDAC6 is proposed to regulate autophagic flux though 

posttranslational control of cortactin at the interface of autophagosomes and 

lysosomes (5). HDAC6 catalytically-impaired mutant fibroblasts display an 

accumulation of autophagosomes, indicating deacetylase activity is required for 

basal flux. 

Consistent with its in role in cell maintenance and stress response, 

HDAC6 inhibition (HDAC6i) or depletion has been shown to slow cancer cell 

growth and migration and sensitize cancer cells to chemotherapeutic agents (14-

16). A cytoprotective role in cancer cells is also supported by associative clinical 

data showing a tendency toward increased expression of HDAC6 in patient 

tumors  (17) (The Cancer Genome Atlas datasets (18, 19)). The HDAC6 inhibitor 
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tubacin (20) has been shown to slow growth and sensitize LNCaP metastatic 

prostate cancer cells to chemotherapeutic agents (14). 

We hypothesized that growth retardation and a synergistic decrease in cell 

viability in combination with other therapeutic agents may be a result of 

decreased autophagic flux in response to HDAC6i. To test this hypothesis, we 

first characterized the proteins that interact with HDAC6 in LNCaP cells to gain 

insight into the protein’s role in metastatic prostate cancer cells. We found 

HDAC6 to interact with proteins associated with autophagy and subsequently 

tested whether HDAC6i influences autophagic flux (21) in two metastatic prostate 

cancer cell lines. 

 

4.3. Materials and Methods 

4.3.1 Chemicals and Reagents 

 Tubacin (N1-[4-[(2R,4R,6S)-4-[[(4,5-diphenyl-2-oxazolyl)thio]methyl]-6-[4-

(hydroxymethyl)phenyl]-1,3-dioxan-2-yl]phenyl]-N8-hydroxyoctanediamide) was 

purchased from Santa Cruz Biotechnology (Dallas, TX, USA) and resuspended 

in dimethyl sulfoxide (DMSO) (EMD Millipore, Darmstadt, Germany). Ammonium 

chloride (NH4Cl) (Sigma-Aldrich) was prepared in sterile water. Mitochondrial dye 

MitoTracker Deep Red FM was purchased from Life Technologies (Carlsbad, 

CA, USA) and resuspended in DMSO. Primary antibodies for p62 (Santa Cruz 

Biotechnology), LC3A/B (Cell Signaling Technology, Danvers, MA, USA), 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Santa Cruz 

Biotechnology), cytochrome c (CYCS) (Santa Cruz Biotechnology), ubiquitin (Ub) 

(Santa Cruz Biotechnology), acetylated-α-tubulin (Sigma, St. Louis, MO, USA),  

α-tubulin (Sigma) and β-actin (Sigma) were used in accordance with the 

manufacturer’s protocol. HRP-conjugated secondary antibodies (Santa Cruz 

Biotechnology) for Western Blotting detection and AlexaFluor-conjugated 

secondary antibodies for immunofluorescence/confocal imaging (Life 

Technologies) were used in accordance with the manufacturer’s protocol. 
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4.3.2 Cell Lines and Culture Conditions 

 PC3 and LNCaP prostate cancer cell lines were purchased from American 

Type Culture Collection (ATCC, Manassas, VA, USA). Cells were maintained in 

RPMI-1640 media with L-glutamine supplemented with fetal bovine serum (FBS, 

50 ml FBS / 500 ml media) at 37°C 5% CO2. Cell lines were validated by Idexx 

Radil (Columbia, MO, USA) on December 24, 2012. Cells were treated under the 

indicated conditions prior to harvest. Treatment reagents were used at the 

following concentrations: 8 µM tubacin, 30 mM NH4Cl. DMSO or other 

appropriate carrier was used as needed for control treatments. 

 

4.3.3 Protein Preparation and Western Blot Analysis 

 Protein lysates were prepared in radioimmunoprecipitation assay (RIPA) 

protein lysis buffer (150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 

0.1% SDS, 20 mM TRIS pH 8.0) supplemented with protease inhibitor cocktail 

(Thermo Scientific, Waltham, MA, USA). Lysates were cleared of insoluble 

material by centrifugation (10 minutes, 13000 rpm) at 4°C and quantitated by the 

DCA Protein Assay (BioRad, Hercules, CA, USA). Equal amounts of protein were 

separated by SDS-PAGE and blotted to a PVDF membrane (BioRad) using 

NuPAGE reagents and equipment in accordance with the manufacturer’s 

protocol (Life Technologies). Membranes were blocked and probed for the 

indicated proteins following standard protocols. Membranes were stripped and 

reprobed as needed. Membranes were incubated in SuperSignal West Femto 

Reagent (Thermo Scientific) and developed on the AlphaInnotech FluorChem 

8900 system for visualization (San Jose, CA, USA). Densitometric analyses were 

performed on the native membrane image using AlphaInnotech FluorChem 8900 

software. For each membrane, the relative densitometric value of each replicate 

for a given probe was normalized to the corresponding relative level of the 

normalizing protein (β-actin). DMSO (control) was set to 1. 
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4.3.4 Immunofluorescent Staining 

 Cells were grown and treated on glass coverslips. Mitochondria were 

stained using MitoTracker Deep Red FM probe following the manufacturer’s 

protocol. The MitoTracker probe was added at 200 nM during the final 30 

minutes of cell treatment and then cells were prepared for immunostaining. 

Briefly, cells were rinsed in PBS and fixed/permeabilized in ice-cold 100% 

methanol for 10 minutes at -20°C. Cells were placed in blocking buffer (1X PBS, 

5% BSA, 0.3% Triton X-100). Cells were probed with primary antibodies in 

antibody dilution buffer (1X PBS, 1% BSA, 0.3% Triton X-100) overnight at 4°C. 

After incubation with secondary antibodies cells were rinsed three times in PBS, 

with the final rinse containing DAPI nuclear stain. Coverslips were mounted on 

glass slides using ProLong Gold Antifade Reagent (Life Technologies) and 

allowed to set. Slides were visualized on a Zeiss LSM Meta Confocal Microscope 

(Oberkochen, Germany) at the Center for Genome Research and Biocomputing 

(CGRB) at Oregon State University. Colocalization quantification was done using 

Coloc 2 (Fiji distribution for ImageJ2) (22). 

 

4.3.5 Quantitative Real-Time PCR 

Total RNA was harvested by TRIzol reagent in accordance with the 

manufacturer’s protocol (Life Technologies). cDNA was prepared from 1 µg RNA 

using the SuperScript III kit from Life Technologies. Approximately 50 ng cDNA 

was amplified by Fast SYBR Green Reagent in accordance with the 

manufacturer’s protocol (Life Technologies) on a 7900HT Real Time PCR 

Machine (Applied Biosciences, Life Technologies). 

Primers: GAPDH (sense 5’-CGAGATCCCTCCAAAATCAA-3’, antisense 5’-

TTCACACCCATGACGAACAT-3’); p62 (sense 5’-

CATCGGAGGATCCGAGTGTG-3’, antisense 5’-TTCTTTTCCCTCCGTGCTCC-

3’); HDAC6 (sense 5’-CAGCACAGTCTTATGGATGG-3’, antisense 5’-
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CGGTGGATGGAGAAATAGAG-3’). Relative expression was determined by the  

Comparative Ct Method ([delta][delta]Ct = [delta]Ct,sample - [delta]Ct,reference). 

Graphing was done using GraphPad Prism Software (La Jolla, CA, USA). 

Graphs depicts mean + SEM for two independent experiments. 

 

4.3.6 HDAC6 Immunoprecipitation and Liquid Chromatography Tandem Mass 
Spectrometry (LC-MS/MS) 
  

 LNCaP cell lysate (3 mg) was immunoprecipitated with HDAC6 antibody in 

1% Triton X-100, 137 mM NaCl, 2 mM EDTA, 20 mM Tris-HCl pH 8.0 overnight 

at 4°C. The following day, Protein G agarose (Life Technologies) was added and 

incubated for an additional 2 hours. Immunocomplexes were isolated by low-

speed centrifugation and washed twice in 50 mM ammonium bicarbonate. The 

last wash was removed and immunocomplexes were resuspended in 50 µl 0.5 M 

urea, 5 mM DTT, 50 mM Tris pH 8.0. Samples were then sonicated in a water 

bath (2X 1 minute), vortexed and spun down. Each sample was digested with 

500 ng Trypsin Gold (Promega, Madison, WI, USA) at 37°C. 

 LC-MS/MS was carried out as described previously (23). High-confidence 

protein identifications were made under the following conditions: Protein 

Threshold 99.0%, Minimum # of Peptides = 2, Peptide Threshold 5% FDR. 

 

4.4. Results 

4.4.1 Identification of HDAC6-interacting proteins in LNCaP cells 

 HDAC6 has been shown to have a significant role in many cellular 

processes in various cell types (17, 24, 25). However, the proteins that interact 

with HDAC6 in metastatic prostate cancer cells have not been fully 

characterized. To address this issue we immunoprecipitated HDAC6 and 

subjected co-immunoprecipitated proteins to LC-MS/MS analysis. We identified 

52 high-confidence proteins as the major HDAC6-interacting proteins in LNCaP 
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cells (Table I). As expected, we identified many well-characterized HDAC6 

interacting proteins, including components of the cytoskeletal network (26, 27) 

and heat shock proteins (27, 28). We also identified more recently reported 

HDAC6-interacting proteins such as myosin-9 (7) (Table I). 

 Several of the most abundant HDAC6-associated proteins were found to 

be involved in autophagy. We identified proteins that are characterized 

macroautophagy substrates and mediators, including mitochondria-associated 

proteins, ribosomes, actin and tubulin (Table I) (3, 29-32). HDAC6 interaction 

with tubulin was confirmed by co-immunoprecipitation and mitochondrial 

association was assessed by confocal microscopy (Figure 4.1). 

 We also identified proteins associated with chaperone-mediated 

autophagy. Chaperone-mediated autophagy (CMA) delivers a subset of cytosolic 

proteins to the lysosome via heat shock cognate 71 kDa protein (hsc70) and the 

lysosomal receptor LAMP2A (33). Hsc70 has recently been reported as an 

HDAC6 substrate (7). Our LC-MS/MS screen for HDAC6 interacting proteins also 

identified hsc70 as a prominent HDAC6-interactor in LNCaP cells (Table I). In 

addition to hsc70, we also identified multiple recently characterized CMA 

substrates involved in regulation of cellular energy production, including α-

enolase (ENO1), pyruvate kinase (PKM) and glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) (34, 35) (Table I). 

 

4.4.2 Tubacin does not inhibit autophagy in metastatic prostate cancer cells 

 The interaction of HDAC6 with proteins and substrates involved in 

autophagy in LNCaP cells suggests that tubacin may slow LNCaP growth by 

interfering with autophagic flux. To test this hypothesis we treated LNCaP and 

PC3 metastatic prostate cancer cells with tubacin and monitored autophagic flux 

(Figure 4.2). Ammonium chloride (AC) was used to assess delivery of substrates 

to the lysosome. The selective autophagy adaptor protein p62 (sequestosome 1, 
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SQSTM1) was monitored in addition to LC3-II turnover to assess 

macroautophagy (21, 36). 

 Tubacin did not influence overall HDAC6 protein level in either cell-type 

and AC treatment indicated that HDAC6 is not turned over through the lysosomal 

pathway (Figure 4.2 Lane 2 and 3). Tubacin did lead to an increase in p62 

protein (Figure 4.2 Lane 2), suggesting impaired p62-selective flux. We did not 

observe an increase in p62 comparing AC treatment to the tubacin/AC 

combination treatment (Figure 4.2 Lane 4), indicating that the increase in p62 

observed during tubacin treatment is not the result of an increase in gene 

expression. However, the p62 response in PC3 cells was not consistent (Figure 

4.3). We observed on several occasions that tubacin enhanced p62 degradation 

(decrease in p62 protein with no associated decrease in gene expression). When 

assessing macroautophagy based on LC3-II levels, tubacin did not significantly 

impair or enhance flux under any treatment conditions (Figure 4.2 Lane 2 and 

Figure 4.3). 

 Tubacin did not influence CMA in either cell type as determined by 

GAPDH levels (Figure 4.2 Lane 2). However, we did not observe accumulation of 

GAPDH in AC-treated cells (Figure 4.2 Lane 3), suggesting no significant 

turnover of GAPDH under these experimental conditions. 

 The observed influence of tubacin on p62 levels suggests that although 

macroautophagy is occurring unimpeded, p62 substrate degradation may be 

specifically altered. To test this hypothesis we assayed turnover of global poly-

ubiquitinated protein levels and mitochondria (Figure 4.4). Tubacin did not alter 

global poly-ubiquitinated proteins or mitochondria levels (as assessed by 

cytochrome c (CYCS)) despite increased p62 levels (Figure 4.4). No change in 

mitochondrial levels was also observed in circumstances where tubacin 

increased p62 degradation (Figure 4.3). 
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4.4.3 Tubacin leads to the appearance of HDAC6 puncta in PC3 cells 

 Accumulation or degradation of p62 in response to tubacin suggests direct 

regulation of p62 stability independent of autophagy. p62 is also a known 

HDAC6-interacting protein (37). We observed colocalization of p62 and HDAC6 

under basal conditions in PC3 cells (Figure 4.5). Tubacin treatment led to an 

increase in p62 and HDAC6 puncta (Figure 4.5). Tubacin also led to an increase 

in association between p62 and HDAC6 foci: HDAC6-only foci were not observed 

in tubacin-treated cells, and colocalization analysis noted an increase in 

association as assessed by Pearson’s R and Spearman’s rank correlation 

(Figure 4.6). Analysis of LC3 by immunofluorescence showed an increase in LC3 

puncta, indicating an increase in autophagosome formation in response to 

tubacin (Figure 4.7). LC3 puncta were also found to colocalize with p62 foci in 

tubacin-treated cells. 

 

4.5 Discussion 

 In this investigation we characterized the proteins that HDAC6 interacts 

with in LNCaP metastatic prostate cancer to gain insight into how HDAC6i slows 

cancer cell proliferation. We found HDAC6 to interact with many proteins 

associated with autophagy (Table I) and subsequently tested the hypothesis that 

HDAC6i slows proliferation by impairing basal autophagic flux. Our results show 

that tubacin does not impair macroautophagy in metastatic prostate cancer cells, 

suggesting flux-inhibition is not responsible for slowed cancer growth associated 

with tubacin treatment. 

 Autophagic flux independent of HDAC6 tubulin deacetylase activity was 

not expected given its known role in mediating efficient autophagosome-

lysosome fusion (5). However, in the context of metastatic prostate cancer, this 

finding may not be surprising. Cells undergo vast changes in metabolism and 

intracellular signaling pathways during transformation to enable rapid proliferation 

and enhanced survival (38). Metastatic prostate cancer cells are particularly 
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prone to constitutive activation of the PI3K/AKT/mTOR signaling axis (39, 40), a 

key regulator of autophagy (41). Curiously, activation of this signaling pathway 

does not inhibit autophagy (Figure 4.2): both LNCaP and PC3 cells contain 

mutations that disrupt PTEN, a negative regulator of the PI3K signaling axis (42, 

43). This suggests that these cell lines, and perhaps metastatic prostate cancers 

in general, evolve to allow autophagic flux independent of well-established 

regulators. We confirmed HDAC6 interaction with proteins and substrates known 

to be involved in, or degraded by, autophagy (Table I, Figure 4.1 and Figure 4.5). 

The presence of HDAC6 at the site of autophagosomes can also be inferred from 

complete overlap of both LC3 and HDAC6 puncta with p62 foci in tubacin-treated 

cells (Figure 4.5 and Figure 4.7). Despite association with autophagy related 

proteins, HDAC6 activity appears to be dispensable for autophagic flux in these 

cells. 

 In addition to monitoring LC3-II levels, the autophagy adaptor and 

substrate p62 was assessed to evaluate flux. We unexpectedly found that 

tubacin influences p62 stability independent of autophagic flux (Figure 4.2 and 

Figure 4.3). HDAC6 and p62 physically interact in mouse embryonic fibroblasts 

(MEFs) and p62 has been proposed to influence HDAC6 activity (37). We also 

found a close association between these two proteins in metastatic prostate 

cancer cells (Figure 4.5); however, we found p62 stability to be dependent of 

HDAC6 activity (Figure 4.2 and Figure 4.3), suggesting a co-regulatory 

relationship. The observation that the outcome of HDAC6i on p62 protein level is 

variable also suggests the involvement of other factors - HDAC6 and p62 are 

both multifunctional proteins known to interact with an array of other proteins (7, 

24, 44-46). Variable p62 stability or degradation may also be a result of 

overlapping function with other autophagy adaptors and shared substrates (e.g. 

neighbor of BRCA1 gene 1 (NBR1) or optineurin (OPTN) (47, 48)). Further work 

will be needed to understand how HDAC6 may regulate p62 stability. 
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 Localization analyses suggested that tubacin stimulates autophagy as 

assessed by an increase in LC3 puncta that co-localized with p62 (Figure 4.7). 

This observation is difficult to reconcile with no accumulation of LC3-II protein in 

the flux assay (Figure 4.2 Lane 3 and 4). Autophagosomes and autophagy are 

closely associated with the ubiquitin proteasome system (UPS) (49, 50). Only 

recently has evidence emerged suggesting p62 is a proteasomal substrate in 

addition to being an autophagy adaptor (51), whereas a role for HDAC6 in 

proteasomal degradation of ubiquitinated proteins is well known. Autophagy-

independent p62 activity may explain why p62 degradation was observed to be 

independent of LC3-II level (Figure 4.2 and Figure 4.3) and why we did not 

observe global changes in two p62 substrates (Figure 4.4). The characterized 

association between autophagosomes and UPS may also explain why we 

observed LC3 puncta and p62 colocalization; p62 may associate with the 

proteasome (and HDAC6), which in turn associates with autophagosomes. 

 Alternatively, HDAC6 foci may reflect more efficient trafficking across the 

cytoskeletal network as a result of increased microtubule acetylation (8, 52-54). 

Enhanced trafficking may lead to the accumulation of HDAC6 and p62 at 

degradation sites, leading to the appearance of discrete foci without significantly 

affecting overall autophagic vesicle fusion or proteasome activity. This would 

support a model where tubacin does not actively cause HDAC6 re-localization, 

but instead passively leads to deposition of HDAC6 at sites of protein 

degradation. This would be consistent with its function in trafficking substrates 

and not as an autophagy adaptor protein (HDAC6 is not an autophagy substrate 

(Figure 4.2 Lane 3)). This suggests that p62/HDAC6 foci represent either protein 

bodies that are de-ubiquitinated and degraded (50), or are sites of ubiquitin-

independent basal protein turnover (55). It is unlikely that HDAC6 foci represent 

stress granules or P bodies as HDAC6 activity is required for their formation (6). 

We also did not observe obvious signs of cell stress and although tubacin slows 
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LNCaP cell growth, it is not associated with decreased cell viability (14). Further 

work will be needed to evaluate these various interpretations. 

  Our unbiased LC-MS/MS screen for HDAC6-interacting proteins 

suggested a role for HDAC6 in CMA (Table I). A test of whether tubacin 

influenced CMA in metastatic prostate cancer cells using GAPDH as a reporter 

indicated no major role (Figure 4.2). However, inhibition of lysosomal degradation 

by AC also revealed no increase in GAPDH, indicating no significant turnover 

under our experimental conditions (lysosomal turnover of GAPDH has been 

detected within 2 hours of inhibition of degradation in liver (35)). This may reflect 

cell-type specific metabolism and suggests HDAC6 may influence cellular 

energetics not through altering degradation of metabolic enzymes, but instead 

through direct regulation. This will be an interesting area of future research in 

understanding how HDAC6i may slow cancer growth. 

 In this investigation we showed that tubacin does not impede basal 

autophagic flux; however, this does not necessarily mean HDAC6 deacetylase 

activity is dispensable for flux in other circumstances. HDAC6 is known to have a 

context-dependent role in autophagic flux (5), suggesting HDAC6 may be 

required in a stimulus-dependent manner (56). This will be particularly relevant in 

exploring whether HDAC6 has a role in flux following exposure to 

chemotherapeutic agents (14). Additionally, other HDAC6 inhibitors may be 

evaluated to assess the potential for differential modes of action and effects on 

basal autophagic flux. 

 Tubacin thus slows proliferation in LNCaP cells through an autophagy-

independent mechanism. Based on our analysis of HDAC6-interacting proteins, 

we proposed a potential role for HDAC6 in cellular energetics in LNCaP cells that 

could influence cell proliferation, but alternative processes could also be 

proposed (e.g. protein synthesis). Future characterization of how HDAC6i 

influences cell proliferation will be important in developing HDAC6 as a 

therapeutic target for metastatic prostate cancer. 
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Figure 4.1. HDAC6 associates with autophagy related proteins and substrates. (A) HDAC6 
interacts with tubulin in LNCaP cells. (B) HDAC6 associates with mitochondria in LNCaP and 
PC3 cells. 
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Figure 4.2. Tubacin does not influence autophagy in metastatic prostate cancer cells. LNCaP and 
PC3 cells were treated with control (DMSO, Lane 1), tubacin (tub, Lane 2), ammonium chloride 
(AC, Lane 3), or tubacin and AC (tub/AC, Lane 4) for 24 hours prior to harvesting for protein 
analysis. To assess autophagic flux, membranes were probed for the selective autophagy 
adaptor and substrate p62, the chaperone mediated autophagy substrate GAPDH, and 
autophagosome marker and autophagy substrate LC3. One representative experiment from at 
least three independent experiments is pictured. p62 levels (relative to DMSO control) are 
indicated. p62 was normalized to the loading control β-actin. 
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Figure 4.3. Tubacin was observed to increase autophagic flux in PC3 cells on several occasions. 
Cells were treated as described in Figure 4.2. (A)  tubacin treatment decreased p62 protein level 
and led to an increase in LC3-II level in both the absence and presence of AC. (B) Tubacin does 
not lead to a decrease in HDAC6 or p62 gene expression. 
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Figure 4.4. Tubacin does not influence global ubiquitinated protein levels or mitochondrial 
turnover. Known p62 and HDAC6 substrates were assessed to determine whether altered p62 
levels influenced substrate degradation. PC3 and LNCaP cells were treated as in Fig. 1. 
Membranes were probed for poly-ubiquitin (Ub) and mitochondrial marker cytochrome c (CYCS). 
One representative blot from at least three independent experiments is shown (same samples 
depicted in Fig. 1). 
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Figure 4.5. Tubacin leads to an increase in HDAC6 foci in PC3 cells. PC3 cells were treated with 
control (DMSO) or tubacin for 24 hours prior to processing for HDAC6 (red) and p62 (green) 
visualization by confocal microscopy. HDAC6 formed cytoplasmic foci in response to tubacin. 
HDAC6 foci strongly colocalized with p62 foci. 
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Figure 4.6. Tubacin stimulates increased HDAC6 and p62 association. PC3 cells were treated 
with control (DMSO) or tubacin for 24 hours and then processed for p62 (green) and HDAC6 
(red) localization. HDAC6-only puncta are observed only in DMSO-treated cells (marked by white 
arrow). Analysis of colocalization by Pearson’s R and Spearman’s rank correlation indicated an 
increase in association following tubacin treatment. 
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Figure 4.7. Tubacin leads to the appearance of LC3 puncta in PC3 cells. PC3 cells were treated 
with control (DMSO) or tubacin for 24 hours prior to processing for p62 (green) and LC3 (red) 
visualization by confocal microscopy. Tubacin led to an increase in LC3 puncta in PC3 cells. LC3 
puncta colocalized with p62 foci. 
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5.1 Abstract 

 The phytochemical sulforaphane can induce cell cycle arrest and 

apoptosis in metastatic prostate cancer cells, though the mechanism of action is 

not fully known. We conducted a global proteome analysis in LNCaP metastatic 

prostate cancer cells to characterize how global protein signature responds to 

sulforaphane. We conducted parallel analyses to evaluate semi-quantitative 1-

dimensional versus 2-dimensional liquid chromatography tandem mass 

spectrometry (LC-MS/MS) and their utility in characterizing whole cell lysate. Our 

findings show that 2-dimensional LC-MS/MS can be a useful tool for 

characterizing global protein profiles and discovering proteins that have not 

previously been implicated in prostate cancer growth and maintenance. 

 

Keywords: prostate cancer, sulforaphane, mass spectrometry 

 

5.2 Introduction 

 Sulforaphane (1-isothiocyanato-4-methylsulfinylbutane) is a plant derived 

isothiocyanate that can stimulate cell death in metastatic prostate cancer cells 

while sparing normal prostate epithelial cells under similar conditions (1). 

Although this cytotoxic effect has been known for some time, the underlying 

proteins and signaling networks that control the response to sulforaphane are not 

fully characterized. Characterizing the response to sulforaphane in metastatic 

prostate cancer cells, and defining the biological significance of observed 

responses, may therefore identify proteins and/or pathways that confer cancer-

selective cytotoxicity. 

 Sulforaphane stimulates a global change in gene transcription in prostate 

cells that is both dose- and time-dependent (2, 3). Analysis of such global 

expression data has been used to infer the outcome of sulforaphane treatment; 

however, there is reason to believe that this type of analysis fails to capture 

biologically relevant responses to sulforaphane that govern proliferation and cell 



96 

 

 

fate decisions. Gene transcription is known to correlate poorly with protein level 

in prostate cancer cells (4), which can be a consequence of many factors (e.g. 

protein stability, degradation rate, mutation, etc), suggesting that drawing 

conclusions regarding phenotypic outcome based on gene transcription alone 

may be misleading. Analysis of transcript levels also cannot provide a full picture 

of immediate responses that influence protein synthesis, stability or activity that is 

regulated through control of translation or post-translational modification (5). This 

is particularly relevant with respect to sulforaphane since previous research has 

noted a decrease in mammalian target of rapamycin (mTOR) activity, a master 

regulator of protein synthesis (6, 7), in response to sulforaphane that decreases 

global protein synthesis in prostate cancer cells (8). Furthermore, although some 

changes in gene transcription may lead to rapid protein production, others will 

take an extended time period to manifest at the protein level. These observations 

suggest that transcript analyses cannot provide a complete picture of the 

response to sulforaphane in prostate cancer cells and that alternative methods 

that directly assess protein levels will provide a clearer and more accurate 

characterization of the factors that control cell fate following sulforaphane 

exposure. We therefore applied proteomics to characterize the protein profile of 

LNCaP metastatic prostate cancer cells and how it responds to sulforaphane. 

 Proteomic approaches have previously been applied to identify 

sulforaphane-responsive proteins in several cell types (9-12), though none have 

utilized an analysis of whole cell lysate to assess the global proteome and how it 

responds to sulforaphane in prostate cancer cells. We therefore subjected 

control- and sulforaphane-treated LNCaP whole cell lysate to liquid-

chromatography tandem mass spectrometry (LC-MS/MS) for unbiased 

assessment of potential alterations in global protein profile. We evaluated the 

standard protocol of peptide trapping and cleaning upstream of 1-dimensional 

(1D) separation in parallel with 2-dimensional (2D) reversed-phased (RP)/RP 

separation of lysate prior to MS/MS analysis. 2D-RP/RP-LC-MS/MS has been 
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shown to increase proteome coverage relative to standard methods (13-18) and 

could substantially increase our ability to detect changes in proteome in response 

to sulforaphane or identify proteins that have not yet been implicated in prostate 

cancer cell biology. Two-dimensional separation was found to be superior to 

standard 1D methods in terms of proteome coverage and protein coverage. 

Although we observed no global remodeling of the proteome in response to 

sulforaphane under our experimental conditions, increased proteome coverage 

by 2D separation methods did identify biologically relevant proteins that 

influenced cancer cell proliferation, suggesting 2D-RP/RP-LC-MS/MS may be a 

useful tool for the discovery of novel protein targets for therapeutic evaluation. 

 

5.3 Materials and Methods 

5.3.1 Chemicals and Reagents 

 Sulforaphane was purchased from LKT Laboratories (St. Paul, MN, USA) 

and resuspended in dimethyl sulfoxide (DMSO) (EMD Millipore, Darmstadt, 

Germany). Primary antibodies for TRIAP1 (Santa Cruz Biotechnology, Dallas, 

TX, USA), fibrillarin (Santa Cruz Biotechnology), p-S780-RB (Cell Signaling 

Technology, Danvers, MA, USA), cyclin B1 (Cell Signaling), cyclin D2 (Santa 

Cruz Biotechnology), p21 (Santa Cruz Biotechnology), NQO1 (Santa Cruz 

Biotechnology), cleaved poly-ADP ribose polymerase (cPARP) (Cell Signaling 

Technology), and GAPDH (Santa Cruz Biotechnology) were used in accordance 

with the manufacturer’s protocol. HRP-conjugated secondary antibodies (Santa 

Cruz Biotechnology) for Western Blotting detection and AlexaFluor-conjugated 

secondary antibodies for immunofluorescence/confocal imaging (Life 

Technologies, Eugene, OR, USA) were used in accordance with the 

manufacturer’s protocol. LC/MS grade solvents were purchased form EMD 

MiIlipore (Billerica, MA, USA). 
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5.3.2 Cells and Culture Conditions 

 LNCaP metastatic prostate cancer cells were purchased from American 

Type Culture Collection (ATCC, Manassas, VA, USA). Cells were maintained in 

RPMI-1640 media with L-glutamine supplemented with fetal bovine serum (FBS, 

50 ml FBS / 500 ml media) at 37°C 5% CO2. Cell lines were validated by Idexx 

Radil (Columbia, MO, USA) on December 24, 2012. Subconfluent cells were 

treated under the indicated conditions prior to harvest. Sulforaphane was used at 

15 µM final concentration. DMSO was used for control treatments. 

 

5.3.3 Sample preparation for LC/MS analysis 

 LNCaP cells were treated for 24 hours with DMSO (control) or 

sulforaphane prior to harvest. Treatments were performed as 2 independent 

experiments. Cells were rinsed in 50mM Tris-HCl pH 7.8 and harvested in 0.5M 

urea, 50mM Tris-HCl pH 7.8, 5mM DTT. Lysate was heated at 95°C for 20 

minutes then cleared of insoluble material by centrifugation (10 minutes, 13000 

rpm, 4°C). One milligram protein per sample was digested overnight with 

Trypsin-Gold in accordance with the manufacturer’s instructions (Promega). 

Digestion was terminated with trifluoroacetic acid (TFA). Protein digests were 

analyzed at the Mass Spectrometry Core Facility at Oregon State University. 

 

5.3.4 LC/MS analysis 

 Each sample was analyzed twice (two injections, technical replicates) for 

downstream determination of treatment response. Methods for 1D LC-MS/MS 

have been described previously (19). Waters 2D nano acquity UPLC system 

(Waters Corp., Milford, MA, USA) in “2D with dilution” configuration was used for 

the 2-dimentional analysis. System performance tests were conducted according 

to the manufacturer protocol prior to the experiments. Peptide sample solution 

(10 μl) was initially loaded onto XBridge300 (C18. 5um, 1.0x 50 mm) reverse 

phase column using 20 mM ammonium formate (pH10) with a flow rate of 2 
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ul/min for 20 mins. Peptide samples were then eluted from the high pH trapping 

column and loaded onto the analytical trapping column (Symmetry C18, 130Å, 5 

µm, 300 µm X 50 mm) by using varying concentration of ACN fractions (11.1, 

14.5, 17.4, 20.8, 45 and 65%). Eluted peptides were diluted with 0.1% formic 

acid at a flow rate of 20 ul/min for 5 min. After this period, the column valve was 

switched to allow the elution of peptides from the trapping column onto the 

analytical column. Separation of peptides was achieved by reverse-phase 

chromatography using a C18 column (Agilent Zorbax 300SB-C18, 250 x 0.3 mm, 

5 μm) at flow rate of 5 ul/min. Water and ACN with 0.1% formic acid were used 

as solvent A and solvent B respectively. The linear gradient employed was 5–

35% B in 45 min. Mass spectrometric analysis was carried out in the same 

manner as the 1D analysis. 

 For variation analysis, MASCOT and X!Tandem peptide identification and 

protein assignment were analyzed as groups based on technical replicates or 

treatment samples from the 2D dataset (Supplemental Data File). Spectra were 

summed across fractions for each protein to acquire total spectra count. Sample 

#4 was omitted from the technical variation analysis due to failure of Replicate 

#2. The mean spectra count between technical replicates or treatment samples 

was then calculated for each protein. Coefficient of variation (CV) for each 

protein was calculated based on standard deviation and the calculated mean 

spectra count. X!Tandem thresholds for this analysis: 5% false discovery rate 

(FDR) for protein identification, 5% FDR for peptide identification, 2 peptide 

minimum for positive protein identification. Data was plotted and analyzed using 

GraphPad Prism Software (La Jolla, CA, USA). 

 

5.3.5 Protein Preparation and Western Blot Analysis 

 Protein lysates were prepared in RIPA protein lysis buffer (150 mM NaCl, 

1% Triton X-100, 0.5% NaDOC, 0.1% SDS, 20 mM TRIS pH 8.0) supplemented 

with protease inhibitor cocktail (Thermo, Waltham, MA, USA). Lysates were 
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cleared by centrifugation at 4°C and quantitated by DCA Protein Assay (BioRad, 

Hercules, CA, USA). Equal amounts of protein were separated by SDS-PAGE 

and blotted to a PVDF membrane (BioRad) using NuPAGE Reagents and 

equipment in accordance with the manufacturer’s protocol (Life Technologies). 

Membranes were blocked and probed for the indicated proteins following 

standard protocols. For protein detection, membranes were incubated in 

SuperSignal West Femto Reagent (Thermo) and developed on the 

AlphaInnotech FluorChem 8900 system (ProteinSimple, San Jose, CA, USA). 

Densitometric analyses were performed on the native membrane image using 

AlphaInnotech FluorChem 8900 software (ProteinSimple). For each membrane, 

the relative densitometric value of each replicate for a given probe was 

normalized to the corresponding relative level of the normalizing protein. For 

graphing, treatments are expressed relative to Control (set to the value 1). 

 

5.3.6 TRIAP1 Cloning 

 TRIAP1 was amplified from LNCaP cDNA prepared as described 

previously (19) using the following primers: Sense 5’ – 

TACTACTTAAGCTTATGAACAGTGTGGGGGAGGCATGCACGGACATGAA – 

3’, Antisense 5’ – 

TCTGAGAGCGGCCGCTTAATTAATTATCAAGAAGAATTTTCAGGCTTTTCTTT

GCCATG – 3’. The amplification product was cloned into pCR2.1 TOPO TA 

cloning vector in accordance with the manufacturer’s protocol (Life 

Technologies). Plasmids were isolated using the PureLink Quick Plasmid 

Miniprep Kit from Life Technologies and checked for TRIAP1 insert by PCR 

amplification (Sense: 5’ – CGACCTCTTCAAGCGCTACC – 3’, Antisense: 5’ – 

CCCATGAACTCCAGTCCTTCAA – 3’). TRIAP1 coding sequence was moved 

into pCMV6-AC-GFP expression vector by EcoRI digest and T4 DNA Ligase (Life 

Technologies) in accordance with the manufacturer’s protocol (New England 

Biolabs, Ipswich, MA, USA). Ligation products were transformed and grown in 
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TOP10 competent cells following the manufacturer’s instructions (Life 

Technologies). Plasmids were isolated as above and screened for insert and 

directionality by PCR (TRIAP1 primers listed above and VP1.5 primer). The 

correct construct was verified by assaying protein expression following transient 

transfection in LNCaP cells. 

 

5.3.7 Analysis of Exogenous TRIAP1 in LNCaP Cells 

 LNCaP cells were grown in 6-well plates and transfected with pCMV6-AC-

GFP or pCMV6-TRIAP1 with Lipofectamine 2000 in accordance with the 

manufacturer’s protocol (Life Technologies). Cells were placed under G418 

selection (500 µg/ml) 24 hours post-transfection. Cells were taken off selection 

for 24 hours after non-transfected cells were eliminated (4-6 days) prior to 

beginning treatments. After the indicated treatment period, cells were harvested 

for protein analysis as described above. 

 For growth analysis, transfected LNCaP cells were prepared as above. 

After elimination of non-transfected cells, G418 selection was lowered to 200 

µg/ml and cells allowed to expand. Cells were seeded at 50,000 cells per well in 

24-well plates for growth analysis. At 24 hours, media was replaced with 

selective media (200 µg/ml G418). Cells from triplicate wells were treated with 

trypsin, collected and counted at the indicated time-points on a hemocytometer. 

Media was refreshed every other day. 

  

5.3.8 Statistical Analysis 

 Graphing and statistical analyses were performed using GraphPad Prism 

Software. Figures depict one representative experiment. Graphs depict mean + 

SEM for at least two independent experiments. Statistical significance was 

determined by Student’s t-Test. Significance is indicated by asterisk, with * = p < 

0.05, ** = p < 0.01, *** = p < 0.001. 
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5.4 Results 

5.4.1 2-dimensional analysis improves protein identification and coverage in cell 
lysate 
  

 A significant drawback to analysis of complex mixtures such as whole cell 

lysate by LC-MS/MS using standard 1D separation techniques is co-elution of 

parent peptides (i.e. low resolution). One method to decrease the impact of this 

complication is to apply 2D separation techniques to complex peptide mixtures 

prior to MS/MS analyses. We therefore applied 2-dimensional separation 

reverse-phase (RP)/RP LC-MS/MS to tryptic digests of LNCaP metastatic 

prostate cancer cells to assess potential changes in protein profile and identify 

candidate biologically relevant proteins that may have a role in the cellular 

response to sulforaphane (Figure 5.1). Two-dimensional analyses significantly 

increased the number of high-confidence proteins identified in LNCaP whole cell 

lysate compared to 1D analysis (Figure 5.1A): 244 proteins versus 117 (DMSO) 

and 219 versus 121 (SF). Increasing separation also significantly increased the 

coverage of proteins identified (Figure 5.1B-D). Two-dimensional analyses 

increased percent coverage by an average of 44% in proteins identified in both 

1D and 2D analyses. 

 

5.4.2 Sulforaphane does not alter global protein profile in LNCaP cells 

 To test whether sulforaphane stimulates a rapid response in the cellular 

proteome in metastatic prostate cancer cells, LNCaP cells were exposed to 

DMSO (control) or 15 µM sulforaphane for 24 hours and then processed for 

proteomic analyses. Treatments were carried out as two biological replicates, 

and each replicate was analyzed as two technical replicates (two injections) for 

downstream analysis and signal determination. To assess whether sulforaphane 

stimulates a change in the relative level of proteins identified in both control- and 

sulforaphane-treated LNCaP cells, coefficient of variation (CV) was plotted 
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against mean spectra count for data analyzed as technical replicate samples 

(open circles) or as treatment samples (red triangles) (DMSO versus 

sulforaphane) (Figure 5.3). A large CV between treatment samples will indicate 

high variability in protein level and a potential sulforaphane effect. As seen in the 

log transformed plot in Figure 5.3A, log CV decreases as log mean spectra count 

increases. A residual plot of deviation from a line fit to each group for each data 

point in Figure 5.3A showed that variation between treatment samples is 

consistent with technical variation, suggesting no treatment effect (Figure 5.3B). 

A box plot of residuals for technical replicates and treatment samples also did not 

indicate specific proteins deviate from what is technical variation (Figure 5.3C). 

 The above analysis is appropriate for assessing relative change in protein 

level, but could miss rapid induction or degradation between treatments. An 

analysis for proteins unique to one technical replicate or one treatment group 

was therefore conducted (Figure 5.3D). The percent of unique proteins between 

treatment groups was lower than what was observed between technical 

replicates (31.1% versus 40.9%, respectively) (Figure 5.3D). A box plot of 

spectra count for unique proteins identified in technical replicates and treatment 

samples also suggested that sulforaphane does not lead to rapid protein 

induction/degradation at the global level (Figure 5.3E). Proteins with a spectra 

count under 4 in our analysis dominated the population of unique protein 

identifications, suggesting that identification of low-spectra count proteins may be 

largely stochastic. 

 

5.4.3 Identification of TRIAP1 in LNCaP cells 

 Although sulforaphane did not lead to a rapid shift in protein profile at a 

global level, the phytochemical is known to stimulate induction, modification or 

degradation of discrete proteins (20). We therefore manually analyzed the 

proteins identified by 2D analysis for high-confidence proteins that may be 

involved in the cellular response to sulforaphane. Global analyses identified 
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proteins involved in a wide array of cellular processes (Supplemental Data File). 

We narrowed our focus to proteins involved in cell proliferation and/or apoptosis 

since we are interested in using increased proteome coverage to identify novel 

proteins that may respond to sulforaphane and have a role in these processes in 

metastatic prostate cancer cells. TP53-regulated inhibitor of apoptosis 1 

(TRIAP1; p53CSV) was identified in sulforaphane-treated LNCaP lysate and has 

not previously been reported as a sulforaphane-responsive protein. TRIAP1 is 

regulated by p53, an key transcription factor in stress response, cell fate and 

apoptosis, and sulforaphane is known to stimulate a p53 response in LNCaP 

cells (21-24). We therefore focused our analyses on determining whether 

TRIAP1 responds to sulforaphane and whether TRIAP1 has a role in LNCaP cell-

maintenance. Sulforaphane treatment led to a transient decrease in TRIAP1, 

though the effect did not reach statistical significance (Figure 5.4). 

 

5.4.4 TRIAP1 influences growth rate in LNCaP cells 

 TRIAP1 has not previously been reported as a sulforaphane-responsive 

protein and the consequences of altered expression levels in metastatic prostate 

cancer cells are not known. To understand what role TRIAP1 may play in LNCaP 

cells and in the response to sulforaphane, we provided exogenous TRIAP1 and 

then treated cells with sulforaphane or DMSO (control). 

 Exogenous TRIAP1 decreased proliferation in LNCaP cells (Figure 5.5A). 

Despite slowing proliferation rate, increased TRIAP1 levels did not significantly 

alter the protein level of select cell-cycle regulators relative to GFP-control 

(Figure 5.5B). We observed no influence on the level of phospho-Retinoblastoma 

(p-S780-RB), cyclin B1, cyclin D2 or p21. TRIAP1 also did not significantly 

influence the cellular response to sulforaphane in LNCaP cells; sulforaphane led 

to decreased cyclin levels, increased p21 and increased NQO1 protein levels 

and was not dependent on TRIAP1 levels (Figure 5.5B). An assessment of 

cleaved-polyADP-ribose polymerase (cPARP) also suggested that TRIAP1 does 
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not impair mitochondrial integrity or sensitize LNCaP cells to sulforaphane 

(Figure 5.6).  

 

5.5 Discussion 

 In this investigation we utilized an unbiased 2D LC-MS/MS approach to 

characterize potential changes in the cellular proteome in LNCaP metastatic 

prostate cancer cells following sulforaphane treatment. Characterizing the 

proteome and potential changes in response to sulforaphane can provide a 

broad view of the proteins and processes that may mediate the cancer-cytotoxic 

effects associated with sulforaphane as well as identify new proteins that 

influence LNCaP cell growth/survival and may be evaluated as potential novel 

therapeutic targets. 

 Sulforaphane is known to stimulate global changes in gene expression 

and has been shown to enhance protein degradation through the proteasome in 

some cell types, including metastatic prostate cancer cells (2, 3, 9, 19, 25-29). 

This suggests a remodeling of the cellular proteome following exposure. 

However, we did not identify any change in global protein signature following 

sulforaphane treatment in LNCaP cells (Figure 5.3). This suggests that although 

sulforaphane can modulate the expression of many genes, from a global view, 

the proteome is relatively stable. This is not to suggest that sulforaphane does 

not influence the level of discrete proteins. In our molecular analysis we did 

confirm well characterized changes in specific cell cycle regulators and 

cytoprotective enzymes (Figure 5.5). Our global view likely missed these proteins 

for several reasons. Although 2D analysis is superior to 1D analysis (Figure 5.1), 

it may still lack sufficient resolution to identify low-abundance proteins or proteins 

that have been transcriptionally activated but have not accumulated to a high 

enough level to be detected. Increasing the number of fractions per sample may 

provide further improvements in detecting lower-abundance proteins. In addition, 

other techniques such as data-independent acquisition and SWATH-MS (30) 
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may be better suited to identify lower-abundance proteins in complex whole cell 

lysate and could be worth exploring in future work. Despite these limitations, 

expanding proteome coverage by 2D LC-MS/MS did identify many proteins for 

assessment for biological relevance in LNCaP proliferation and/or survival (Fig. 

1). 

 TRIAP1 was identified in our 2D LC-MS/MS analysis and has not 

previously been characterized in LNCaP cells. TRIAP1 expression is controlled 

by p53, and sulforaphane is known to induce a cell stress response that leads to 

p53 stabilization and activation in LNCaP cells (21-23). This suggests that 

TRIAP1 may be a downstream mediator of the p53 response in LNCaP cells. 

TRIAP1 has been reported as having a role in cell cycle regulation in several 

cancer cell lines, though its role is cell-line-dependent. The protein is reported to 

directly influence p21 protein levels and therefore influence cell cycle arrest and 

apoptosis (31). TRIAP1 has also been reported to have a more direct role in 

apoptosis through maintaining mitochondrial integrity (32). We found that 

sulforaphane led to a transient decrease of TRIAP1 in LNCaP cells (Figure 5.4), 

suggesting a potential role in influencing cell growth and survival. 

 To assess any role for TRIAP1 in cell proliferation we provided exogenous 

TRIAP1 in LNCaP cells and then monitored cell cycle regulators and growth 

(Figure 5.5). TRIAP1 did not significantly influence p21 levels, indicating TRIAP1 

does not directly regulate p21 in LNCaP cells. Exogenous TRIAP1 also did not 

influence other selected cell cycle regulators (Figure 5.5B) or basal apoptotic 

signaling as assessed by cPARP (Figure 5.6). Having discovered no direct 

influence on previously characterized TRIAP1 processes in LNCaP cells, we 

assessed a potential role for influencing the response to sulforaphane (Figure 

5.5B and Figure 5.6). Sulforaphane led to similar decreases in p-S780-RB, cyclin 

B1 and cyclin D2, and similar induction in p21 and NQO1 regardless of TRIAP1 

level. Increased TRIAP1 also did not influence apoptotic signaling in response to 

sulforaphane in LNCaP cells (Figure 5.6). Although TRIAP1 did not influence 
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select proteins involved in cell cycle regulation, exogenous expression did 

significantly decrease cell proliferation (Figure 5.5A) and is consistent with it 

being a downstream effector of p53. Further work will be needed to understand 

how TRIAP1 leads to decreased growth and will be an interesting area of future 

research. 

 

 

 

5.6 Conclusion 

 2D-RP/RP-LC-MS/MS is a useful tool for analyzing global protein profile in 

an unbiased manner from whole cell lysate. This method provided greater 

coverage of the global proteome and also increased the coverage of discrete 

proteins relative to standard methods. Enhanced proteome coverage by 2D 

methods can be used to identify previously unreported proteins that influence cell 

behavior in metastatic prostate cancer cells and thus identify new potential 

targets for therapeutic development. 
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Figure 5.1. Two-dimensional separation of whole cell lysate increases protein identification and 
coverage. LNCaP cells were treated with DMSO or sulforaphane for 24 hours prior to harvest. 
Lysate was subjected to 1D and 2D LC-MS/MS analysis for assessment of cellular proteins. (A) 
The number of proteins identified by 1D and 2D analysis by treatment group in LNCaP whole cell 
lysate. (B) Average coverage per protein identified in the analyses. 2D methods significantly 
increased coverage per protein. (C and D) Scatter plots by treatment group of 2D coverage 
versus 1D coverage. Each point represents a unique protein identified by both 1D and 2D 
method. 
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Figure 5.2. Scatter plot of variation for technical replicates and treatment samples. Variation 
plotted as a function of mean spectra count for proteins identified in both technical replicates 
(open circles) or treatment groups (red triangles). Data corresponds to transformed data 
presented in Fig. 2. 
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Figure 5.3. Sulforaphane does not alter global protein profile in LNCaP cells. Data from 2D 
analysis was analyzed for changes in global protein profile. (A) log (CV [σ/µ]) versus log (mean 
spectra count [µ]) for data separated by technical replicates (open circles) and treatment samples 
(red triangles). A line was fit to each group for downstream analysis of residuals (Technical 
Replicates: Y = -0.6694 X + 0.1427; Treatment Samples: Y = -0.5970 X + 0.08734). (B) Residual 
plot for Technical Replicates and Treatment Samples as a function of log (mean spectra count 
[µ]) for the chart in (A). (C) Box plot of residuals based on group (Technical versus Treatment) 
(whiskers 1-99 percentile). (D) Percent of proteins identified by 2D analysis that were unique to 
each group (Technical versus Treatment). (E) Box plot of spectra count for unique proteins 
identified in the analysis separated by group (Technical versus Treatment) (whiskers 5-95 
percentile). 
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Figure 5.4. Sulforaphane influences TRIAP1 protein level in LNCaP cells. (A) Representative blot 
of TRIAP1 protein at 24 hours and 48 hours after sulforaphane treatment. The nuclear protein 
fibrillarin was probed as a loading control. (B) Sulforaphane causes a transient decrease in 
TRIAP1 protein in LNCaP cells. Graph represents 2 independent experiments (mean + SEM). 
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Figure 5.5. TRIAP1 influences cell proliferation in LNCaP cells. (A) Growth curve of LNCaP cells 
expressing exogenous TRIAP1 or GFP (control). Cells were counted at 48, 72 and 96 hours post-
seeding. (B) LNCaP cells expressing exogenous TRIAP1 or GFP (control) were treated with 
DMSO (control) or sulforaphane for 48 hours and analyzed for the indicated proteins. p-S780-RB, 
cyclin B1, cyclin D2 and p21 were analyzed to assess the influence of TRIAP1 and sulforaphane 
on cell cycle regulators. NQO1 was analyzed as a marker for sulforaphane response. The nuclear 
protein fibrillarin was probed as a loading control.  
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Figure 5.6. TRIAP1 does not influence apoptotic signaling or sensitize LNCaP cells to 
sulforaphane. LNCaP cells were treated and prepared as described in Fig. 4. Cleaved poly-ADP 
ribose polymerase (cPARP) was probed to assess apoptotic signaling. GAPDH was probed as a 
loading control. 
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Chapter 6. 
 
General Conclusions 
 
 Sulforaphane has shown promising results as a cancer chemotherapeutic 

compound in pre-clinical models of carcinogenesis in tissues such as the lung 

and colon. In vitro work from multiple independent research groups utilizing 

human prostate cancer cell lines and a pre-clinical model of prostate 

carcinogenesis has led to the proposal that sulforaphane may also be suitable for 

development as a prostate cancer chemotherapeutic agent. In these previous 

studies various modes of suppression have been proposed, but the ultimate 

intended outcome is prostate cancer growth arrest and apoptosis. In this 

dissertation we aimed to characterize the response to sulforaphane in metastatic 

prostate cancer cells at concentrations and exposure times similar to what is 

expected to be experienced in vivo. As part of this dissertation, we identified 

novel responses to sulforaphane involving chromatin regulation, demonstrated 

induction of autophagic flux at high concentrations, and identified a previously 

unrecognized regulator of cellular proliferation in LNCaP cells. In addition, this 

dissertation work refines our understanding of the response to sulforaphane in 

prostate cancer cells and opens up the door to the exciting possibility that yet to 

be identified factors contribute to suppression in vivo. Another important aspect 

of this dissertation is to highlight that the response to sulforaphane at 

physiological concentrations differs from that of a high-concentration exposure in 

prostate cancer cells. 

 In Chapter 2 we characterized a novel response to sulforaphane involving 

the histone methyltransferase SUV39H1 and demonstrated that SUV39H1 (or 

H3K9 trimethylation) can be protective in the context of cellular stress. Although 

we do not yet know the outcome of an early and transient decrease in H3K9me3, 

one would hypothesize that it is a protective response downstream of a transient 

increase in oxidative stress. We did observe a transient increase in SUV39H1 
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protein level, which is consistent with an earlier report characterizing stabilization 

of SUV39H1 in response to stress. However, increased SUV39H1 did not 

correlate with increased H3K9me3 levels in our experiments. This suggests that 

posttranslational control of SUV39H1 is the deciding factor in determining 

H3K9me3 levels in PC3 cells. We did observe an association between 

posttranslational modification of SUV39H1 and changes in its interaction with 

chromatin. Characterization of the specific modifications we observed and of the 

proposed nuclear localization signal we identified will be important in future work 

investigating SUV39H1 regulation. 

 A decrease in global H3K9me3 in PC3 cells despite an increase in 

SUV39H1 also suggests that sulforaphane influences the activity of ubiquitin-

ligases (UBL) and/or deubiquitinases (DUB), which is itself a novel hypothesis. 

An increase is SUV39H1 ubiquitination despite a global decrease in ubiquitinated 

proteins further suggests specific, regulated control of SUV39H1 stability as 

opposed to general protein ubiquitination and turnover. Mouse double minute 2 

(MDM2) has been identified as a SUV39H1 UBL, and MDM2 is known to be 

involved in cytoprotective damage response signaling. However, PC3 cells 

contain defects in damage response signaling as they are TP53-null. Exploring 

this hypothesis and the effect of sulforaphane on global UBL/DUB activity in 

general will be an interesting area of future research. 

 An interesting finding that also came out of this investigation was the novel 

observation that H3K9me3 decreased apoptotic signaling in PC3 cells under 

extreme stress. At this time, there is little known concerning how SUV39H1 may 

influence apoptosis, but our experiment suggests that targeting SUV39H1 may 

be a viable strategy to sensitize cancer cells to endogenous stressors or 

enhance the efficacy of chemotherapeutic stressors in cancer cells. 

 In Chapters 3 and 4 we set out to test the hypothesis that sulforaphane 

slows autophagic flux in metastatic prostate cancer cells through depletion of 

HDAC6 protein. Previous investigations have proposed that sulforaphane 
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stimulates autophagy, a cytoprotective response that is activated when cells are 

exposed to an array of stressors, in prostate cancer cells. However, these early 

reports do not provide sufficient data to draw conclusions concerning autophagic 

activity. Autophagy is a dynamic process which requires multiple markers to be 

assessed to conclude whether autophagy is up-regulated or inhibited. 

Specifically addressing flux is therefore required to draw conclusions about 

autophagy. Previous investigations suggested that depletion of HDAC6 protein 

following sulforaphane exposure may contribute to decreased cell viability and 

HDAC6 deacetylase activity has recently been shown to be required for efficient 

autophagic flux in mouse embryonic fibroblasts. Sulforaphane may therefore 

decrease cell viability through depletion of HDAC6 and inhibition of autophagic 

flux. What has been suggested to be a therapeutic concentration of sulforaphane 

(~15 µM) in a pre-clinical model of prostate carcinogenesis was not found to 

influence autophagic flux in prostate cancer cells. Sulforaphane did rapidly 

induce autophagic flux at 150 and 300 µM, but was only able to overcome 

cytoprotective responses and initiate a durable arrest after a 40 hour recovery 

period at the 300 µM concentration. HDAC6 inhibition with tubacin also did not 

inhibit autophagic flux in metastatic prostate cancer cells. This likely reflects cell-

specific HDAC6 and autophagy functions in combination with some stimulus-

dependence. Exploring how these different inputs influence flux rate will be an 

important area of future research, particularly in exploring the potential 

requirement for HDAC6 in autophagic flux where chemotherapeutic stress is the 

primary stimulus. 

 Despite recent work showing that HDAC6 may be a viable therapeutic 

target for some cancers, the role of HDAC6 in prostate cell biology and prostate 

cancer cell biology is not known. Our assessment of HDAC6-interacting proteins 

in LNCaP cells in Chapter 4 is a substantial contribution toward addressing this 

gap in knowledge. A majority of previous investigations focus on HDAC6 

deacetylase activity and screen for increased protein acetylation following 
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HDAC6-inhibition to gain insight into the role of HDAC6 in cell biology. However, 

HDAC6 is a multi-domain protein with some discrete regions having functions 

independent of deacetylase activity. This suggests that identifying only HDAC6 

enzymatic targets will miss important deacetylase-independent functions. By 

conducting an unbiased screen for HDAC6-interacting proteins, we will likely 

identify proteins that are regulated by, or otherwise influenced by, HDAC6 in a 

deacetylase-dependent and deacetylase-independent manner. This is important 

in understanding how HDAC6 may be involved in the response to sulforaphane 

because sulforaphane does not inhibit HDAC6 activity or decrease HDAC6 

protein level (unpublished data), which suggests deacetylase-independent 

effects. Two key areas for further exploration would be in cellular 

energetics/metabolism and protein synthesis (Chapter 4 Table I). We identified 

direct interaction between HDAC6 and metabolic enzymes, suggesting a role in 

energy production or in influencing metabolic substrate generation required for 

proliferation. HDAC6 was also found to interact with proteins involved in protein 

synthesis, including ribosomal enzymes and translation-associated proteins. 

Exploring these various possibilities in future work will contribute to 

understanding the role of HDAC6 in metastatic prostate cancer cells and in the 

further development of HDAC6 as a therapeutic target. 

 In Chapter 5 we applied proteomics to capture a global view of how the 

proteome responds to sulforaphane in LNCaP metastatic prostate cancer cells. 

We found that sulforaphane does not stimulate a rapid change in global protein 

profile in LNCaP cells. This finding is consistent with our observations in Chapter 

3 showing no significant increase in autophagic flux (i.e. lysosomal degradation) 

or ubiquitinated protein levels (i.e. proteasomal degradation, unpublished data) in 

LNCaP cells treated with sulforaphane. In the future, our proteomic approach can 

be further refined to increase sensitivity and proteome coverage by using 

alternative methods. Continuing to pursue a proteomics approach will be 

important in future discovery work because it directly assess the response to 
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sulforaphane at the protein level and avoids the caveat of translational regulation 

or changes in protein stability that can influence conclusions drawn from global 

gene expression analyses. Taken together, this work suggests sulforaphane can 

influence global processes in metastatic prostate cancer cells and supports the 

further exploration of sulforaphane as a prostate cancer therapeutic agent. 

 Looking forward, the above general conclusions from this dissertation 

work suggest the field could benefit from a well controlled drug-metabolism-

pharmacokinetic (DMPK) analysis exploring higher doses of sulforaphane 

administered via different routes. The current data suggests higher doses 

(potentially much higher) are achievable and safe following a single exposure. 

The safety of repeated high-dose exposure is not known, but this information will 

be required to establish safe dosing protocols for therapeutic exploration. This 

will provide important information for the development of sulforaphane as a 

cancer therapeutic agent. 
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