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BACKGROUND. The clinical success of the nucleoside analogs 5-aza-cytidine (5-azaC)
and 5-aza-20 deoxycytidine (5-aza-dC) as DNA methyltransferase (DNMT) inhibitors has
spurred interest in the development of non-nucleoside inhibitors with improved pharmacologic and safety proﬁles. Because DNMT catalysis features attack of cytosine bases by an
enzyme thiol group, we tested whether disulﬁram (DSF), a thiol-reactive compound with
known clinical safety, demonstrated DNMT inhibitory activity.
METHODS. Inhibition of DNMT1 activity by DSF was assessed using methyltransferase
activity assays with recombinant DNMT1. Next, prostate cancer cell lines were exposed to DSF
and assessed for: i) reduction of global 5-methyl cytosine (5meC) content using liquid
chromatography/tandem mass spectrometry (LC-MS/MS); ii) gene-speciﬁc promoter demethylation by methylation-speciﬁc PCR (MSP); and iii) gene-reactivation by real-time RT-PCR.
DSF was also tested for growth inhibition using prostate cancer cell lines propagated in vitro in
cell culture and in vivo as xenografts in nude mice.
RESULTS. Disulﬁram showed a dose-dependent inhibition of DNMT1 activity on a
hemimethylated DNA substrate. In prostate cancer cells in culture, DSF exposure led to
reduction of global genomic 5meC content, increase in unmethylated APC and RARB gene
promoters, and associated re-expression of these genes, but did not signiﬁcantly alter prostatespeciﬁc antigen (PSA) expression. DSF signiﬁcantly inhibited growth and clonogenic survival of
prostate cancer cell lines in culture and showed a trend for reduced growth of prostate cancer
xenografts.
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CONCLUSIONS. Disulﬁram is a non-nucleoside DNMT1 inhibitor that can reduce global
5me
C content, reactivate epigenetically silenced genes, and signiﬁcantly inhibit growth in
prostate cancer cell lines. Prostate 71: 333–343, 2011. # 2010 Wiley-Liss, Inc.
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INTRODUCTION
Alterations in DNA methylation, a key epigenetic
process affecting chromatin structure and function
without altering the underlying DNA base pairing,
occur early in human prostate cancer and other cancers
and can be conserved during cancer progression [1–6].
These DNA methylation changes are reversible, making them an interesting target for the treatment and
prevention of prostate cancer [4]. Methylation of CpG
dinucleotides in gene promoter regions can result in
silencing of gene expression [7–9]. These CpG methylation marks are established and maintained by a
group of DNA methyltransferases (DNMTs), which
catalyze the transfer of a methyl group from the donor
molecule S-adenosyl-methionine (SAM) to a cytosine in
the DNA. Inhibition of DNMT function can potentially
reverse some of the cancer-associated methylation
marks [10], and lead to reprogramming of the epigenetic make up of cancer cells and therefore represents
an attractive therapeutic avenue [4,11].
In recent years several inhibitors of DNMTs have
been developed and evaluated in pre-clinical models
and in clinical trials [9,12–14]. Among these, 5azacytidine (5-azaC) and 5-aza-deoxycytidine (5-azadC) have won Food and Drug Administration (FDA)
approval for treatment of myelodysplastic syndromes
(MDS) [15,16], and these agents and others are being
tried alone and in combination with other drugs as
cancer therapeutic agents. One major disadvantage
of 5-azaC and 5-aza-dC is that they are nucleoside
analogs, whose mechanism of action involves incorporation of the aza-modiﬁed base into DNA during DNA
synthesis with subsequent covalent trapping of the
DNMT [17,18]. As with other nucleoside analogs, these
drugs can have signiﬁcant cytotoxicity and can lead
to major adverse effects, including myelosuppression,
when administered to patients. The development
of safe and efﬁcacious non-nucleoside inhibitors of
DNMTs has been of great interest because such agents
might overcome the limitations of nucleoside analogs
and allow prolonged inhibition of DNMTs without
accompanying safety concerns.
Since the catalytic mechanism of DNMTs involves
the covalent attack at the C6 position of cytosine
by the thiol group of the catalytic cysteine on the
DNMT enzyme [19–21], we hypothesized that known
thiol-reactive compounds could be candidate DNMT
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non-nucleoside inhibitors. Disulﬁram (DSF) is a drug
that contains strong thiol-reactive functional groups
and is known to attack the thiol group of the reactive
cysteine in the active site of the aldehyde dehydrogenase enzyme [22]. We therefore hypothesized that DSF
may have activity as a DNMT inhibitor. DSF has a long
history of clinical use for the treatment of alcohol abuse
[23,24]. Additionally, a recent screen of >3,000 clinical
compounds in the Johns Hopkins Drug Library
revealed that DSF can very potently inhibit prostate
cancer cell growth at nanomolar concentrations (J.O.
Liu, J.S. Shim, S. Yegnasubramanian, W.G. Nelson,
unpublished data), a ﬁnding recently conﬁrmed in an
independent report [25]. The past 60 years of clinical
use and research on DSF have provided valuable
information about the safety, toxicity, and pharmacological properties of DSF [24,26]. DSF shows mild
side-effects and is overall well-tolerated, making it
an attractive candidate for ‘‘repurposing’’ for novel
indications.
Here, we demonstrate that DSF inhibits DNMT1
activity, resulting in decreased genomic 5-methyl
cytosine (5meC) content in cell lines. We further
show that DSF treatment results in de-methylation of
genes hypermethylated in prostate cancer with subsequent re-expression of these genes, suggesting that
DSF can act as an epigenetic drug by inhibiting
DNMT1. We also show that DSF inhibits prostate
cancer cell line growth in vitro at nanomolar concentrations and shows a trend for xenograft growth
inhibition in vivo.
MATERIALS AND METHODS
Cell Lines and Cell Culture
Human prostate cancer cell lines PC3, DU-145 cells
were obtained from the American Type Culture
Collection. CWR22Rv1, C4-2B cells were kindly provided by Dr. John T. Isaacs (Johns Hopkins University,
Baltimore, MD). Normal prostate epithelial cells (PrEC)
were purchased from Lonza (Basel, Switzerland) and
were cultured in PrEGM medium (Lonza). All cell
lines were maintained in a humidiﬁed incubator at 5%
CO2 and 378C. DSF (tetraethylthiuram disulﬁde) and
dimethyl sulfoxide (DMSO) were purchased from
Sigma (St. Louis, MO). DSF was dissolved in DMSO
at stock concentration of 5 mM and stored at 208C.

Disulf|ram as a DNMT1Inhibitor in Prostate Cancer
The ﬁnal concentrations of DMSO in the culture
medium were below 0.1%.
MTT and Colony Formation Assay
Prostate cancer cells were seeded in 96-well plates
at a density of 4,000 cells per well for DU145 and PC3
and 6,000 cells per well for CWR22R and C4-2B. Cell
viability was quantiﬁed using the colorimetric 3-(4,
5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazoliumbromide (MTT) assay. Cell viability IC50 values were
calculated using CalcuSyn software (Biosoft, Cambridge, UK). For colony formation assays, cells were
seeded in 6 cm dishes at a density of 300 cells per dish.
Forty-eight hours later, cells were checked under the
microscopy to conﬁrm attachment and fresh medium
containing 100 nM DSF was then added. After 12 and
14 days, colonies were ﬁxed, stained with methylene
blue, and counted.
DNA Methyltransferase Assay InVitro
The in vitro DNMT assay was performed as
described previously [13]. Brieﬂy, recombinant His6DNMT1 was incubated with hemimethylated oligonucleotides as substrates together with S-adenosyl-L[methyl-3H]methionine (3H-AdoMet; Amersham Biosciences/GE, Piscataway, NJ) in the presence or
absence of DSF. After incubation at 378C, reactions
were stopped by adding unlabeled S-adenosyl-Lmethionine (Sigma) and samples were bound to a
SAM21 96 Biotin Capture plate (Promega, Madison,
WI). The capture plate was washed ﬁve times with
PBS þ 2 M NaCl and two times with dH2O to remove
His6-DNMT and unreacted 3H-AdoMet. Tritium incorporation was quantiﬁed using the TopCount NXT
liquid scintillation counter (PerkinElmer, Waltham,
MA).
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Quantif|cation of Genomic 5 -Methyl-20Deoxycytidine (5meC) Content
Quantiﬁcation of genomic 5-methyl-20 -deoxycytidine (5meC) content in genomic and control DNAs was
determined by an HPLC/Tandem Mass Spectrometry
(LC/MS/MS) procedure as described in Ref. [3]. The
degree of DNA methylation was expressed as the ratio
of 5meC to total deoxycytidine (5meC/(5meC þ 2dC)).
Bisulf|te Modif|cation and Real-Time
Methylation-Specif|c PCR (MSP)
Cellular DNA was isolated by phenol–chloroform
extraction. Sample DNA was subjected to sodiumbisulﬁte modiﬁcation using EZ DNA methylationGold kit (Zymo research, Orange, CA). The bisulﬁte
converted DNA was ampliﬁed by quantitative realtime PCR using iQTM SYBR Green Supermix (Bio-Rad,
Hercules, CA). Primer sequences are listed in Table I.
All PCR reactions were carried out on an iCycler realtime thermal cycler (Bio-Rad) using the following
temperature cycling conditions: 958C for 5 min followed by 40 cycles of 958C for 15 sec, 55–608C (detailed in
Table I) for 30 sec, and 728C for 30 sec. The ampliﬁcation
products were conﬁrmed by electrophoresis on a 2%
agarose gel and visualized with staining by ethidium
bromide.
RNA Isolation, ReverseTranscription, and
Quantitative Real-Time PCR
Total RNA was isolated by Trizol (Invitrogen,
Carlsbad, CA) extraction. Reverse transcription was
performed using the SuperScript III reverse transcriptase kit (Invitrogen) according the manufacturer’s
instructions. To control for variations in RNA quality
and quantity, expression of the gene of interest was
normalized to the expression of TATA box binding

TABLE I. Primers Used inThis Study

Genes

Forward primer

Reverse primer

RARB

UMRTU-

GAGGGTATATTTTTGAGGGGTATG
TTATATGTCGGTTACGTGCGTTTATAT
GAGACAGAATGGAGGTGCTGC
TTGGGATGTTGAGAATGTGAGTGATTT

TBP

MRTRT-

TGTCGAGAACGCGAGCGATTC
GACTGTATGGATGTTCTGTCA
CACGAACCACGGCACTGATT

AATAAAAAACACCCTAATCCACA
GAACCAAAACGCTCCCCAT
GTAAGATGATTGGAATTATCTTCT
CTTACTCAACCAATCCAACCAAAACAA
CGACCAATCCAACCGAAACGA
ATTTGTCCTGGCAGACGAAGCA
TTTTCTTGCTGCCAGTCTGGA

APC

U, unmethylated; M, methylated; RT, RT-PCR.
The Prostate

Annealing
temperature (C)
58
58
55
60
60
55
55
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protein (TBP). Relative mRNA expression levels
were calculated and expressed as 2DDCT, where CT
represents threshold cycle number. DCTsample was
deﬁned as (CTgene of interest  CTTBP) and DDCT as
(DCTsample  DCTnormalization sample).
InVivo Growth Inhibition of C4 -2B
Xenograft by DSF
Xenografts of C4-2B cells were generated in athymic
male mice with a median weight of 30 g. All animal
experiments were carried out with approval of the
Johns Hopkins Animal Care and Use Committee. One
million C4-2B cells were resuspended in matrigel and
inoculated subcutaneously into the hind ﬂank of each
animal through 25G5/8 needles. In each treatment arm,
eight mice were used. Treatment was started about
2 weeks after implantation, at which point tumors
were palpable. Mice were injected intraperitoneally
(i.p.) with 10, 20, or 40 mg/kg DSF or solvent control
every other day. Tumor size was measured weekly and
tumor volume was calculated according to the formula
0.5326  L  W  H [27]. The weights of all mice were
measured weekly. Mice were sacriﬁced after 3 weeks of
treatment by CO2 overdose.
Western Blot Analysis of DNMT1
Protein Expression
Prostate cancer cell lines PC3, DU145, CWR22Rv1,
and C4-2B and normal PrEC were lysed as described
previously [28]. Lysates were separated by SDS–PAGE
and transferred to PVDF membranes. Membranes were
blocked for 1 hr in Odyssey blocking buffer (LI-COR;
Biosciences, Lincoln, NB). Primary antibodies antiDNMT1 (HPA002694; Sigma) and anti-Actin (A5441;
Sigma) were applied over night at 48 in Odyssey
blocking buffer at 1:1,000 and 1:5,000 dilution, respectively. Membranes were then washed and incubated
with anti-rabbit IR 800 (LI-COR) and anti-mouse IR 680
(LI-COR) secondary antibodies at 1:5,000 dilution.
Immunoreactive bands were detected using a LICOR
Odyssey Infrared Imager (LI-COR). Quantiﬁcations
were performed using Odyssey Application Software
Version 2.1 provided by LI-COR.
Prostate-Specif|c Antigen (PSA) Quantif|cation
PSA producing C4-2B cells were seeded in 12-well
plates at 105/well for 24 hr and then exposed to fresh
medium containing DSF at different concentrations.
The conditioned media as well as the total cell lysates
were collected for PSA quantiﬁcation after 48 hr. PSA
was measured using Human PSA ELISA kit (Anogen,
Ontario, Canada) according to the manufacturer’s
instructions. For C4-2B PSA quantiﬁcation when cells
The Prostate

were exposed to DSF for 2 weeks, cells were seeded
(105 cells/well) in 6 cm dish and treated with 0.5 mM
DSF with change of growth medium every 2 days. The
conditioned media were collected for PSA quantiﬁcation and cell numbers were counted after trypsinization. Mice serum samples from xenograft mice were
analyzed for PSA in the routine clinical chemistry
laboratory at Johns Hopkins Hospital.
Statistics
The results of all in vitro and in vivo assays were
expressed as mean  SD. Student’s two-sided t-test was
used to compare the values of the test and control
samples. P < 0.05 was considered statistically signiﬁcant.
RESULTS
DSF Inhibits DNMT1Catalytical Activity InVitro and
Results in Reduction of Global 5meC Content in
Prostate Cancer Cells
Previous reports have demonstrated that DSF can
inhibit enzyme activity by reacting with thiol groups
in the catalytically active site of the protein. Since
the catalytical unit of DNMT1 uses a thiol group
we hypothesized that DSF could also interfere with the
catalytical activity of DNMT1. To investigate this,
we tested the ability of DNMT1 to methylate a hemimethylated DNA oligonucleotide substrate in an
in vitro assay as described previously [13]. Recombinant DNMT1 was incubated with hemimethylated
oligos, tritium labeled SAM, and increasing concentrations of DSF. DSF decreased the level of incorporated
SAM in a dose-dependent manner showing a 95%
reduction of activity at a concentration of 200 mM
(Fig. 1A), indicating that DSF indeed inhibits DNMT1
catalytic activity.
To assess DNMT1 expression levels in normal
human PrEC and prostate cancer cell lines (CWR22Rv1,
PC3, C4-2B, DU145) we performed Western blot
analysis (Fig. 1B). Whereas PrEC cells showed very
low DNMT1 expression, all prostate cancer cell lines
expressed high levels of DNMT1. Since inhibition of
DNMT1 could result in decreased maintenance methylation and therefore gradual loss of DNA methylation
marks, we tested the effect of DSF treatment on the
global 5meC content in androgen sensitive (CWR22Rv1)
and androgen insensitive (PC3) prostate cancer cell
lines. CWR22Rv1 and PC3 cells were treated with DSF
or DMSO control for 3 and 10 days and 4, 8, and 21 days,
respectively. DNA was extracted and global methylation status (5meC content) was determined as
described previously [3]. Both cell lines showed a
statistically signiﬁcant reduction in 5meC content after
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10 or 21 days of DSF exposure suggesting that DSF
could also inhibit DNMT function in vivo (Fig. 1C).
DSF Restores Expression of Hypermethylated
Genes in Prostate Cancer Cells

Fig. 1. Disulfiram inhibits DNMT1 in vitro and results in reduction of 5meC content in prostate cancer cells. A: DNMT1 enzyme
activity assays were performed by incubating recombinant His6 DNMT1 with hemimethylated oligonucleotide substrates and
S-adenosyl-L-[methyl-3H]methionine as a methyl group donor in
the presence of solvent control alone or DSF at increasing concentrations.Relative enzymatic activityis expressed as percentages of
solvent control. B: DNMT1 is expressed at high levels in prostate
cancer cell lines but not in normal PrECs. Normal PrEC and prostate cancer cell lines (CWR22Rv1, PC3,C4 -2B, DU145) were lysed
and lysates were subjected to SDS ^PAGE separation. Proteins
were blotted onto PVDF membranes and were incubated with
anti-DNMT1 and anti-Actin-specific antibodies. Desitometric
analyses show DNMT1 band intensities normalized to Actin.
C: LC-MS/MS analysis was used to determine 5meC as a fraction of
total cytosine content in CWR22Rv1 and PC3 cells treated with
DSF for indicated time points. Normal white blood cell ( WBC)
genomic DNA in which all CpG dinucleotides were methylated to
completionwith the M.SssImethyltransferaseinvitro ( WBC-SssI)
was used as positive control. *P < 0.05.
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Hypermethylation of promoter regions can result in
epigenetic silencing of genes [9]. Since DSF treatment
affected maintenance methylation in prostate cancer
cells, we asked whether DSF treatment could also
reverse promoter CpG island methylation of genes
known to be methylated in prostate cancer [2,29].
Conversion of DNA using sodium bisulﬁte results in a
change of sequence composition dependent on the
methylation status [30]. PCR ampliﬁcation reactions
using primers speciﬁc to either the methylated or
unmethylated locus allow a qualitative assessment of
the methylation status. We identiﬁed genes that were
previously described to be methlyated in prostate
cancers and assessed the methylation status using
methylation-speciﬁc PCR (MSP) to monitor changes in
promoter methylation upon DSF treatment [31]. Mocktreated cells showed presence of methylated RARb
promoter allele in C4-2B and APC promoter allele in
CWR22Rv1 cells and absence of unmethylated alleles.
DSF treatment resulted in an ampliﬁcation product
with unmethylated-speciﬁc primers, suggesting that
DSF-induced de-methylation of APC and RARb gene
promoters in CWR22RV1 or C4-2B cells (Fig. 2A). To
test whether this change in promoter methylation
resulted in the re-expression of epigenetically silenced
genes, we determined the mRNA expression levels of
APC and RARb in cells exposed to DSF by quantitative
real-time PCR. DSF treatment for 2 or 4 weeks resulted
in a strong increase in APC and RARb transcript levels
indicating that DSF treatment can revert epigenetic
marks resulting in the re-expression of silenced genes
(Fig. 2B).
DSF Inhibits PCa Cell Growth InVitro and InVivo
We further studied and conﬁrmed the anticancer
activity of DSF in prostate cancer cell lines by a
colorimetric MTT assay. We exposed PC3, DU145,
C4-2B, and CWR22Rv1 cells to various concentrations
of DSF and calculated cell viability IC50 values
(Fig. 3A,B). Cell viability IC50 values ranged from
26 nM in DU145 cells to 185 nM in C4-2B cells,
indicating that DSF exerts cytotoxic effects at nanomolar concentrations in prostate cancer cell lines,
a ﬁnding consistent with previous results [25]. We
further investigated the ability of DSF to inhibit
clonogenic survival. DU145, CWR22v1, and C4-2B
were split to clonogenic density and treated with
100 nM DSF or solvent control. After 2 weeks, the
control group showed signiﬁcant colony formation,
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Fig. 2. DSF treatmentleads to de-methylation ofmethylatedpromoter regionsinprostate cancercells andresultsinre-expression of RARB
andAPC.A: C4 -2B andCWR22Rv1cellswereculturedfor2or4weeksinthepresence of0.5 mMDSF(C4 -2BforRARB andCWR22Rv1cellsfor
APC).Total DNAwas extractedandpromotermethylation status was evaluatedwithmethylation-specific PCR (MSP) usingprimers specific to
the methylated (M) and unmethylated (U) sequence after bisulfite conversion. An increase in the signal with unmethylated-specific primers
indicatedde-methylation of thelocus.B:RNAwas extractedfrom CWR22Rv1cells treatedwith0.5 mMDSF or solventcontrolfor 2 or 4 weeks.
APC and RARB transcript levels were determined by quantitative real-time PCR and are shown as relative expression levels normalized to
TBP expression.

Fig. 3. Disulfiram inhibits PCa cellgrowth in vitro and in vivo. A,B: Cells were exposed to DSF at indicated concentrations for 48 hr and cell
viability was assessed by MTTand IC50 for DU145,CWR22R1,PC3, and C4 -2B were calculated.C: DSF impairs clonogenic survivalin prostate
cancercells.CWR22Rv1,DU145, and C4 -2Bcellswere split to clonogenic densityandcellswere exposed to100 nMDSF or solventcontrol. After
14days,colony formationwasassessed.*Nocolony formationwasobservedinanyof thecelllinessubjectedto100 nMDSF.D:Xenografttumors
of C4 -2B cells were established in nude mice.When tumors became easily palpable (0.1mm3) mice were injected i.p. with solvent control
or indicateddoses of DSF.Changesin tumor volume over time  SD are shown for each treatmentgroup (n ¼ 8).
The Prostate
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whereas colony formation was abolished in the
presence of DSF (Fig. 3C). To further conﬁrm the antineoplastic effects of DSF in vivo, we established
xenografts of C4-2B cells in athymic nude mice. Mice
in all DSF treatment groups showed a 40% reduction
in mean tumor volume as compared to control mice
(comparing with control group, P-values were between
0.11 and 0.13; Fig. 3D). There was no difference between
the high 40 mg/kg and low 10 mg/kg treatment
groups. No major systemic toxicities were seen
and mouse weights remained constant even in the
40 mg/kg DSF treatment group.
DSF Does Not Alter the Per-Cell Secretion of PSA
A critical aspect for any drug entering clinical
development for the treatment of prostate cancer is its
potential effect on the expression and secretion of the
tumor marker PSA [32]. To test the effect of DSF on PSA
expression and secretion, C4-2B cells were exposed
for 48 hr to clinically relevant doses of DSF (dose
range from 62.5 nM to 1 mM). DSF did not alter PSA
expression in this cell line until at the concentration
of 5 mM (Supplementary Fig. 1). PSA protein levels
were analyzed in cell lysates and supernatants using a
PSA-speciﬁc ELISA (Fig. 4A). Furthermore, C4-2B cells
were exposed to 0.5 mM DSF and cell number and PSA
concentration in the supernatant were determined after
2 weeks of exposure. Even though DSF greatly reduced
the number of surviving cells, the per-cell secretion
of PSA remained constant (Fig. 4B). This ﬁnding was
further corroborated in a C4-2B cell animal xenograft
model, which showed no change of tumor-weightnormalized PSA serum concentration upon DSF treatment (Fig. 4C).
DISCUSSION
Reverting epigenetic changes that are associated
with tumor progression has been considered a valuable
therapeutic approach [4,9,11]. The bulk of DNA
methylation in dividing cells is maintained by DNMT1
[33,34]. DNMT1 is transcribed mostly during the Sphase of the cell cycle where it maintains methylation
marks after replication [35]. In normal epithelial cells,
DNMT1 levels are tightly controlled on the protein
level and with lowest levels present in G1-phase.
In cancer cells, however, this tight regulation of
DNMT1 protein levels appears to be corrupted and
cancer cell lines show increased stability of DNMT1
throughout the cell cycle [36]. Prostate cancer cell lines
(Fig. 1B) as well as prostate cancer tissues show
increased expression of DNMT1 compared to normal
prostatic epithelial cells [37]. This is further supported
by observations from an autochthonous murine model
of prostate cancer (TRAMP), which show elevated
The Prostate

Fig. 4. DSF does not affect per-cell PSA secretion. A: PSA producing C4 -2B cells were exposed to indicated concentrations
of DSF.The conditioned media as well as the total cell lysates were
collected after 48 hr and PSA concentrations were determined by
ELISA. B: C4 -2B cells were exposed to 0.5 mM disulfiram. After
2 weeks PSA concentrations in conditioned medium as well as the
cell number of surviving cells were determined. Graph shows PSA
levels normalized to cell number in solventcontrol and DSF-treated
cells. C: Serum samples from C4 -2B xenograft mice (see Fig. 3D)
were collected and PSA concentration was determined by ELISA.
Graph showsrelative PSA levels normalized to tumor weights.

expression and activity levels of DNMT1 during the
entire cascade of prostate cancer progression [38,39].
Two nucleoside analogs 5-azaC and 5-aza-dC have
been characterized as DNMT inhibitors. These
nucleoside analogs are incorporated in the DNA
during S-phase and inhibit DNMT by irreversibly
trapping the enzyme to DNA [17,40]. 5-azaC and 5aza-dC have been approved by the FDA for treatment
of MDS and are investigated in further clinical trials for
their efﬁcacy in prostate cancer and other solid
malignancies [41]. However, these drugs carry considerable concerns regarding toxicity and carcinogenesis
for long-term use, since they are incorporated in the
DNA which could result in DNA strand breaks and
mutations [17], ultimately leading to severe side-effects
such as myelosuppression. Therefore, non-nucleoside
inhibitors of DNMTs may yield safer alternatives for
prolonged epigenetic therapy.
In this manuscript, we show that DSF is a nonnucleoside DNMT inhibitor capable of reducing
global genomic 5meC content, of demethylating gene
promoters known to be hypermethylated in cancer
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cells, and of reactivating the expression of these
epigenetically silenced genes. Although we do not yet
know the precise mechanisms by which DSF may
inhibit DNMT1, the mechanism of action of the DNMT
enzymes and that of DSF in inhibiting aldehyde
dehydrogenase can provide some insights. The mechanism of DNMT1 methyltransferase activity has been
extensively studied and involves a nucleophilic attack
at C6 of the cytosine ring via the thiol group of the
catalytic cysteine of DNMT1 to form a covalently
bonded intermediate between the enzyme and the base
[17,40,42]. DSF is known to inhibit aldehyde dehyrogenase, the known target when DSF is used for
treatment of alcohol abuse, by reacting with a catalytic
cysteine thiol group leading to the formation of mixed
disulﬁde or covalent adducts [22]. It is therefore
possible that DSF could also interfere with the catalytic
activity of DNMT1 via a similar mode of attack at the
catalytic cysteine. Furthermore, since the active site of
DNMT1 and DNMT3a/3b show high homology [43]
and the enzymatic mechanism appears to be conserved
between the different C5-cytosine methyltransferases
[20], we would hypothesize that DSF also inhibits
DNMT3a and DNMT3b.
DSF inhibited prostate cancer cell growth with IC50s
ranging from 26 to 185 nM, almost completely abolished clonogenic survival in all cell lines tested, and
inhibited tumor growth in xenograft models. These
ﬁndings are highly concordant with a previous report
[25]. The anti-neoplastic effect of DSF does not seem to
be restricted to prostate cancer. Recent reports have
shown in vitro and in vivo tumor cell killing effects
of DSF in various cancer cell line models including
melanoma, leukemia, small lung cell cancer, osteosacroma, cervical adenocarcinoma, and colorectal adenocarcinoma cell lines [44–48] and an anecdotal report
from a patient with metastatic ocular melanoma
described sustained regression of liver metastasis
under DSF therapy [49].
It is possible that its epigenetic effects in inhibiting
DNMT1 and causing re-expression of epigenetically
silenced genes, as demonstrated in this report, are in
part responsible for its activity as a potent inhibitor of
cancer cell growth. Like other known non-nucleoside
DNMT inhibitors, DSF has a signiﬁcantly lower
potency than 5-aza-C or 5-aza-dC for DNMT inhibition
and DNA demethylation [50,51]. However, its favorable toxicity/safety proﬁle could allow prolonged
treatment with DSF as a demethylating agent to
enhance the ultimate efﬁcacy of this drug to levels
comparable or even exceeding the efﬁcacy of nucleoside analog drugs, which can only be given for
short durations to avoid major toxicity [50,52]. Since
DSF is an oral agent that is safe to administer daily, it
may be more suitable than the existing nucleoside
The Prostate

analog DNMT inhibitors for development of ‘‘epigenetic’’ treatment strategies in solid tumors. Clinical
trials of single agent 5-azaC in late stage solid tumor
malignancies have been disappointing with little
clinical activity [53,54]. A phase II study of 5-azaC to
restore responsiveness of prostate cancer to hormonal
therapy is still ongoing [55] and evidence of the
synergistic effects of DNMT1 inhibitors with cytotoxic
agents are emerging [56,57]. Our study showed that
prostate cancer growth inhibition by DSF occurred
within 48 hr but that maximal DNA demethylation
occurred in the remaining cells in 1–2 weeks. It might
be possible to exploit this feature to kill the remaining
cells via a combination approach in which DSF is used
to re-express epigenetically silenced genes combined
with agents targeting these genes [4]. Along these lines,
in this study, DSF treatment resulted in the reexpression of RARB. Interestingly, retinoids, the
ligands of RAR, have been shown to synergize with
other epigenetic drugs in inhibiting prostate cancer
growth [58].
Furthermore, several other non-epigenetic mechanisms have been proposed for the anti-neoplastic
activity of DSF. It has been shown to inhibit NF-kB
activation [48] and topoisomerase I and topoisomerase
II catalytic activity at micromolar concentrations [59].
DSF can inhibit invasion and angiogenesis and a direct
inhibitory effect of DSF on matrix metalloproteinases
(MMP-2, MMP-9) was suggested [60]. DSF treatment
leads to changes in the intracellular superoxide levels
and decreases mitochondrial membrane polarization,
suggesting that at least under certain circumstances
DSF-induced apoptosis could be redox-dependent.
Finally, DSF has been shown to inhibit proteasome
activity in a variety of cancer cell line models [61,62].
In this context, it is also worth mentioning that DSF
inhibits P-glycoprotein pumps involved in chemoresistance through drug extrusion [63]. These pleiotropic mechanisms of action provide a potential for
clinical activity via mechanisms in addition to those of
DNMT inhibition.
It is interesting to note that the anti-proliferative
effects of DSF were selective for prostate cancer cells,
since normal PrECs showed only limited toxicity when
exposed to concentrations of DSF that induced growth
inhibition in cancer cells [25]. Given the pleiotropic
effects of DSF on several key cellular pathways, one
might wonder why DSF exerts such a tumor-speciﬁc
toxicity, while normal cells appear to be unaffected.
In this regard, it is worth noting that the presence of
divalent cations appear to have an effect on the toxicity
of DSF since Zn2þ supplementation can increase the
antitumor activity of DSF [49,61]. Furthermore, DSF can
be quickly converted into a great variety of metabolites,
which can induce different modiﬁcations in target
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molecules [26]. For instance, inhibition of alcohol
dehydrogenase by DSF in vitro involves oxidation of
the active site, whereas the DSF metabolite Me-DTC
diethylthiomethylcarbamate forms a covalent adduct
with the protein resulting in cessation of enzyme
activity [22], indicating the complexity of different
mechanisms by which DSF and its metabolites can
inhibit target enzyme function. Cell type speciﬁc
accumulation of these different metabolites might
further explain the increased sensitivity of cancer
cells to DSF as well as differences in terms of DNMT1
inhibition seen between in vitro and in vivo experiments (Figs. 1A,B, 2).
PSA is commonly used as a biomarker for determining treatment response in the prostate cancer clinical
trial setting [32]. However, using PSA to evaluate
treatment response of experimental treatments that
lead to increased per-cell PSA expression via signaling
mechanisms would be confounded, and thus, it is
important to know whether a given experimental
therapeutic agent is capable of increasing per-cell
PSA secretion. For instance, in the development of
histone deacetylase (HDAC) inhibitors for the treatment of prostate cancer, vorinostat was found to be a
potent growth inhibitor to several prostate cancer cell
lines in vitro and in vivo but PSA mRNA expression in
CWR22 xenograft was elevated, resulting in higher
levels of serum PSA than predicted from tumor volume
alone [64]. In a phase I study, another HDAC inhibitor
sodium phenyl butyrate caused PSA elevations suggestive of the differentiating properties of phenyl
butyrate or tumor progression [65]. To avoid these
issues during clinical development of DSF for prostate
cancer therapy, we tested the effect of DSF on PSA
secretion in in vitro and in in vivo xenograft models
(Fig. 4). We observed that DSF treatment did not change
per-cell PSA secretion suggesting that PSA could
potentially be used as a biomarker to monitor disease
progression in patients treated with DSF in clinical
trials.
CONCLUSIONS
Our results demonstrate that the anticancer
activity of DSF could be mediated, at least in part, by
its activity to inhibit DNMT activity and reactivate
epigenetically silenced genes. The in vitro and in vivo
growth inhibition effects are consistent with the
literature. It is worth noting that DSF is a drug in
clinical use for decades with mild or moderate sideeffects even if used long term [24]. Based on these
characteristics, DSF is well poised for ‘‘repurposing’’
as a demethylating and/or cancer therapeutic agent.
That the pharmacokinetic and safety proﬁles are wellknown and highly amenable to clinical development
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make this a very attractive approach, especially given
that the clinical development of novel drugs is typically
very time-consuming and costly. Clinical trials to test
if DSF will give clinical beneﬁts for prostate and other
cancer patients are warranted.
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