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Introduction

Malignant melanoma incidence and mortality rates continue to 
increase in the US each year. It remains the most deadly form 
of skin cancer due to its high metastatic potential and rapid 
development of chemoresistance.1,2 Despite recent advances 
in the identification of vemurafenib (PLX-4032) and Yervoy 
(Ipilimumab) the prevalence and mortality rates continues to rise 
due to the development of drug resistance and associated side 
effects.3,4 About 10% of melanoma is inherited in families.5,6 
Damage of epidermal melanocytes by UVB has been directly 
linked to the development of ~30% of non-inherited melano-
mas.7,8 The major chemopreventive agent to avoid UV damage 
and sun induced melanomas is sunscreen.9 While most individu-
als in the US are aware of the dangers of sunburns and about 
sun protection, incidence and mortality rates for melanoma con-
tinue to rise.5,6 The cause of the remaining 60% of melanomas 
is yet to be determined making development of effective chemo-
preventive agents particularly important. Despite clinical trials 
testing a broad array of targeted and non-targeted therapeutic 
approaches, involving immunotherapy, radiotherapy and chemo-
therapy, no effective long-term treatments have been identified 
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for advanced-stage patients.10,11 Thus, the average survival of 
patients having advanced disease remains 6 to 10 months.12

Drugs inhibiting the activities of specific genes, signaling 
pathways or key processes promoting melanoma development are 
urgently needed, which can then be combined based on what is 
observed in a particular patient’s tumors for treating and pre-
venting melanoma. The phosphodidylinositol 3-kinase (PI3K) 
pathway is a key signaling cascade playing a prominent role in 
melanoma development by relaying extra-cellular signals from 
cell surface to nucleus to regulate apoptosis.13-16 Epigenetic PTEN 
silencing in this pathway has been shown to play an important 
role in melanoma development.17 PTEN is a unique 55 kDa dual 
specificity phosphatase, which dephosphorylates phosphoserine 
and phosphotyrosine residues in proteins as well as hydrolyzes the 
secondary messenger phosphatidylinositol-3,4,5-trisphosphate to 
regulate PI3K-Akt signaling in melanomas.18 Loss of PTEN has 
been reported in 30 to 60% of non-inherited melanomas leading 
to increased PI3K activity measured as elevated levels of Akt3 
activity.19 Therefore, targeting epigenetic silencing to reduce Akt 
activity and that of other signaling cascades could be an impor-
tant component of a therapeutic cocktail of drugs to treat or pre-
vent melanoma.
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selenium into SAHA could increase the compound’s anticancer 
activity, a monomeric selenium containing derivative called PCP-
SeCN and a dimeric version called B(PCP)-2Se were synthesized 
(Fig. 1A). Names were based on IUPAC nomenclature.

Melanoma cell killing efficacy of PCP-SeCN and B(PCP)-
2Se was compared with SAHA following treatment of melanoma 
cell lines isolated from different stages of tumor progression 
(Table 1). Therapeutic universality of the compounds for killing 
cancer cells was examined by treating pancreatic (MiaPaca-2), 
breast (MDA-MB-231), prostate (PC-3) or sarcoma (HT-1080) 
cell lines with the drugs and establishing the IC

50
 for each cell 

line (Table 1). SAHA, PCP-SeCN and B(PCP)-2Se all decreased 
viability of cancer cells more efficiently than normal human 
melanocytes, fibroblasts or keratinocytes (Table 1). Melanoma 
cells derived from melanocytic lesion (radial and vertical growth 
phase) derived cell lines were 3- to 4-fold more sensitive than met-
astatic melanoma cells to the selenium derivatives, suggesting the 
compounds might be effective for melanoma prevention. Average 
IC

50
 of B(PCP)-2Se ranged from 0.3–1.4 μmol/L compared 

with normal melanocytes, fibroblasts and keratinocytes that was 
17.05 μmol/L (Table 1). PCP-SeCN and B(PCP)-2Se further 
decreased viability of melanocytic and melanoma cell lines fol-
lowing 48 and 72 h treatment leading to a significant decrease 
in IC

50
 values compared with SAHA (Fig. 1B and Table 1). No 

significant difference was observed in killing cultured melanoma 
cells between the monomeric selenium containing derivative 
(PCP-SeCN) and a dimeric version [B(PCP)-2Se] (Table 1).

PCP-SeCN and B(PCP)-2Se retain HDAC inhibitory 
activity. To determine whether selenium containing SAHA deriv-
atives retained HDAC inhibitory activity, HeLa nuclear extract, 
having high levels of HDAC activity, was incubated with 1.0 
μmol/L of PCP-SeCN, B(PCP)-2Se or SAHA. Inhibitory activ-
ity order was found to be PCP-SeCN > B(PCP)-2Se > SAHA 
(Fig. 2A). To establish whether HDAC expression correlated with 
sensitivity to PCP-SeCN or B(PCP)-2Se, level of HDAC expres-
sion was examined in primary melanoma or metastatic melanoma 
cell lines using an HDAC colorimetric activity assay kit. Higher 
levels of HDAC activity were observed in melanocytic lesion cell 
lines (WM35, WM3211, WM115 and WM278.1) compared with 
metastatic melanoma (A375M and UACC 903) cells, which had 
2- to 3-fold lower levels (Fig. 2B). HDAC protein expression also 
seemed to correlate with activity levels, suggesting that melano-
cytic cell lines having higher HDAC activity tended to be more 
sensitive to selenium containing SAHA derivatives than meta-
static melanoma cell lines. This observation was used as the ratio-
nale to test whether these agents might be effective for preventing 
early melanocytic lesion development.

To measure the effect of PCP-SeCN and B(PCP)-2Se on cell 
lines having high HDAC activity, WM35 cells were treated and 
compared with SAHA. A dose dependent decrease in HDAC 
activity was observed with increasing concentration of selenium 
containing SAHA derivatives. SAHA inhibited HDAC activity 
50–60% less than PCP-SeCN or B(PCP)-2Se (Fig. 2C). PCP-
SeCN and B(PCP)-2Se upregulated levels of acetylated histones 
in a manner similar to that occurring with SAHA, again confirm-
ing the HDAC inhibitory activity of the compounds (Fig. 2D).

Histone acetylation epigenetically regulates gene transcription 
by modulating DNA packaging to alter expression of proteins 
aiding cell proliferation and survival.20 The enzymes regulat-
ing protein acetylation are histone acetyltransferases (HATs) 
and histone deacetylases (HDACs).21 Mechanistically, histone 
acetylation relaxes chromatin to epigenetically promote gene 
transcription, whereas histone deacetylation induces chromatin 
condensation to epigenetically decrease gene transcription.22,23 
Alterations in both HATs and HDACs contributes to aberrant 
gene expression, promoting cancer development.24 Therefore, 
agents targeting these proteins could be an important part of a 
cocktail for treating or preventing melanomas.

Certain HDACs regulate cellular proliferation and differ-
entiation to promote cancer development, but the function of 
others remains uncertain.24,25 Currently, 18 HDACs have been 
identified, including HDAC1 to 11 and SIRT (NAD-dependent 
deacetylase sirtuin; silent mating type information regulation) 
1 to 7. SIRTs are members of a family of nicotinamide adenine 
dinucleotide (NAD)-dependent enzymes that regulate cell func-
tions by deacetylating both histone and nonhistone targets and 
at least seven members of the protein family, termed “sirtuins” or 
SIRTs have been identified in humans.26 Current pharmacologi-
cal HDAC inhibitors are not specific and therefore cause wide-
spread histone acetylation to broadly induce expression of genes 
regulating differentiation, apoptosis, the cell cycle, redox path-
ways, DNA repair, cell migration and angiogenesis.22,27-30

The best-known HDAC inhibitor is SAHA (suberoylanilide 
hydroxamic acid), commercially known as Vorinostat or Zolinza, 
which has been approved by the FDA for treating advanced cuta-
neous T-cell lymphoma.31-34 SAHA had limited efficacy treating 
metastatic breast, bladder, prostate, colon, kidney, ovary or skin 
cancer, which has driven the search for chemical modifications 
to enhance its potency.35 A variety of modifications have been 
made to SAHA to improve its cancer cell inhibitory efficacy but 
has resulted in compounds having poor pharmacokinetic prop-
erties and/or causing toxicity.22 SAHA derivatives containing 
one or two selenium atoms have been developed and are called 
5-phenylcarbamoylpentyl selenocyanide (PCP-SeCN) or Bis(5-
phenylcarbamoylpentyl) diselenide [B(PCP)-2Se], respectively.36

In this study, topical application selenium containing deriva-
tives of SAHA having one or two selenium atoms were found to 
kill melanoma cells 2 to 4-fold more effectively than SAHA and 
decrease melanoma tumor development by up to 87% with neg-
ligible toxicity. Mechanistically, selenium derivatives of SAHA 
inhibited HDAC activity and had new selenium-mediated 
inhibitory properties that led to decreased PI3 kinase pathway 
activity to increase cellular apoptosis rates. Thus, PCP-SeCN 
and B(PCP)-2Se compounds has better efficacy for preventing 
melanoma than the parental compound.

Results

Selenium-containing derivatives of SAHA kill cancer cells more 
effectively than SAHA. Incorporating selenium into the chemical 
structure of therapeutic agents can make the drugs more effective 
melanoma cell killers.37,38 To determine whether incorporation of 
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Compared with SAHA, PCP-
SeCN and B(PCP)-2Se inhibited 
PI3K/Akt signaling in melanoma 
cells. The PI3 kinase pathway is a 
major signaling pathway promot-
ing melanoma development by 
deregulating apoptosis to promote 
melanoma development; there-
fore, regulation of this pathway by 
these drugs was investigated.14,37 
Compared with SAHA, PCP-
SeCN and B(PCP)-2Se decreased 
PI3 kinase pathway activity in both 
WM35 and UACC 903 cells con-
sistently with increasing the time 
and concentrations (Fig. 4A and B). 
Inhibitory effects on this pathway 
occurred after 24 h of treatment 
and were most evident following 
48–72 h exposure. Decreased pAkt 
and downstream pathway signaling 
inhibition was evident in both cell 
lines treated with PCP-SeCN and 
B(PCP)-2Se compared with SAHA 
or DMSO treated cells. Greatest 
inhibitory effect occurred following 
B(PCP)-2Se treatment, likely due to 
the presence of two selenium atoms. 
Downstream pPRAS40 (T246) lev-
els also decreased significantly with 

increasing concentration, correlating with lower pAkt levels. In 
addition, decreased expression of cyclin D1 and increased p21, 
cleaved caspase-3 and PARP protein were observed with increas-
ing time and concentrations (Fig. 4A and B).

PCP-SeCN and B(PCP)-2Se reduced melanocytic lesion 
development in laboratory generated skin. To establish the 
chemopreventive potential of PCP-SeCN or B(PCP)-2Se, lab-
oratory generated skin reconstructs containing GFP express-
ing melanocytic lesion cell lines WM35 or WM115 cell lines 
were created and treated with the agents. This approach is an 
accepted strategy to measure the chemopreventive efficacy of 
topical agents.16 Skins containing lesions were topically treated 
every day for one week and size as well as numbers of GFP 
cells derived from primary melanomas quantified using fluo-
rescence microscopy. At 6 μmol/L of PCP-SeCN or B(PCP)-
2Se, a 60–87% decrease in GFP tagged lesion development was 
observed compared with vehicle control or SAHA treated skins 
(Fig. 5A and B). B(PCP)-2Se had the most dramatic effect lead-
ing to a consistent > 60% reduction in lesion development in 
the skin (p < 0.05, two-way ANOVA). Examination of H&E 
stained skin to determine whether treatment conditions would 
damage skin cellular constituents, showed no discernable altera-
tion in skin architecture, skin boundaries, structure or cell mor-
phology following exposure to selenium-containing derivatives 
of SAHA compared with controls, indicating negligible toxicity 
(Fig. 5C).

PCP-SeCN and B(PCP)-2Se inhibited melanoma cell pro-
liferation and triggered apoptosis more effectively than SAHA. 
To unravel the mechanism by which selenium containing SAHA 
derivatives more effectively inhibited melanocytic and melanoma 
cell survival, cell proliferation and apoptosis following treatment 
were measured. PCP-SeCN and B(PCP)-2Se reduced cellular 
proliferation and induced apoptosis in a dose responsive manner 
(Fig. 3A and B). Proliferation of WM35 cells was inhibited by 
~80% at 1.25 μmol/L for PCP-SeCN and B(PCP)-2Se, while 
for UACC 903 cells, 1.25 μmol/L of PCP-SeCN or B(PCP)-2Se 
led to 25% and 60% inhibition, respectively (Fig. 3A). Increased 
caspase-3/7 activity, an indicator of apoptosis, was observed con-
sistently when WM35 or UACC 903 cells were exposed to PCP-
SeCN and B(PCP)-2Se at concentration > 2.5 μmol/L compared 
with SAHA (Fig. 3B).

PCP-SeCN and B(PCP)-2Se increased the sub-G
0
-G

1
 popu-

lation in melanoma cells. FACS analysis of WM35 or UACC 903 
cells treated with selenium containing SAHA derivatives showed a 
consistent increase in the sub-G

0
-G

1
 population indicating a trend 

of elevated apoptosis compared with SAHA at concentrations > 
1.0 μmol/L (Fig. 3C). The sub-G

0
-G

1
 population in WM35 and 

UACC 903 cells increased more when treated with B(PCP)-2Se 
containing two selenium atoms than when exposed to PCP-
SeCN, containing one. A 4- to 28-fold increase in sub-G

0
-G

1
 cells 

compared with vehicle DMSO treated cells was observed follow-
ing cell treatment with B(PCP)-2Se (Fig. 3C).

Figure 1. Structures and activity of HDAC inhibitors. (A) Structures of HDAC inhibitors: SAHA was chemi-
cally modified by replacing amino hydroxyl (NH-OH) with free selenium cyanide (SeCN) to create PCP-
SeCN. B(PCP)-2Se is a dimer of PCP-SeCN lacking the -CN functional group. (B) PCP-SeCN and B(PCP)-2Se 
inhibited melanocytic and melanoma cell viability in a time dependent manner. WM35 and UACC 903 
cells were treated with increasing concentrations of SAHA, PCP-SeCN or B(PCP)-2Se for 24, 48 or 72 h and 
cell viability measured using MTS and IC50 values calculated using GraphPad Prism. Data represents aver-
age values of three independent experiments.
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due to reversible binding of a Se species at the catalytic site on the 
enzyme, or an irreversible effect due to the redox modification of 
cysteine residues in the HDAC proteins.

Selenium can increase the potency of chemopreventive and 
therapeutic agents when this atom is substituted for sulfur in 
drugs, which generally acts by increasing rates of cellular apopto-
sis through inhibition of PI3 kinase signaling.42,46 Low selenium 
levels have also been reported in the serum of patients suffering 
from cancers including melanoma, which could be mitigated by 
the selenium released from these agents.47,48 Since incorporation 
of selenium in a drug can increase its efficacy for killing mela-
noma cells by inhibiting PI3 kinase pathway signaling, similar 
modifications were predicted to enhance the therapeutic potential 
of SAHA.37,38,49,50 Selenium containing PCP-SeCN and B(PCP)-
2Se decreased pAkt (S473) and downstream pPRAS40 (T246) 
levels in a dose-dependent manner, leading to increased levels of 
apoptosis. Decreased cyclin D1 and increased p21 protein levels 
were also observed with selenium containing SAHA derivatives. 
Both PCP-SeCN and B(PCP)-2Se, containing 1 and 2 selenium 
atoms respectively, inhibited melanoma cell survival more effec-
tively than SAHA and killed cancer cells selectively suggesting 
these agents might be good melanoma cell killers. These agents 
also inhibited the growth of cell lines derived from carcinomas of 
the pancreas, prostate, colon, breast and connective tissue, sug-
gesting efficacy for targeting other cancer types.

Selenium-containing derivatives of SAHA inhibited HDAC 
activity in a manner similar to that of SAHA.51 HDAC inhibi-
tors TSA, SAHA and FK-228 have been reported to increase 
p21 levels in a variety of tumor cells.52 Similarly, melanoma cells 
treated with PCP-SeCN and B(PCP)-2Se increased levels of p21 
protein more significantly than observed following SAHA treat-
ment. These compounds also decreased cyclin D1 levels, which 
resulted in suppression of cyclin dependent kinase activity. Thus, 

Discussion

Melanoma is the most invasive and deadly form of skin can-
cer with no clinically available chemopreventive agents to limit 
development of early melanocytic lesions into melanomas in 
skin.39 Melanoma prevention programs, availability of UV pro-
tecting sunblocks, and surgical procedures for removing prein-
vasive lesions have all been employed to decrease the incidence 
and mortality rates of this disease.40,41 Despite some success, addi-
tional approaches are needed, which might involve preventing 
melanocytic lesions from developing or progressing past its earli-
est stages, using agents that could be added to creams, lotions or 
sunblocks.42 Addition of PCP-SeCN and B(PCP)-2Se to these 
topical agents could be one approach to prevent melanoma.

SAHA is approved by the FDA but is only marginally effective 
for treating solid tumors.33 Therefore, a variety of derivatives of 
SAHA have been synthesized in an attempt to improve the cancer 
cell-killing efficacy of the drug for treatment and prevention pur-
poses. A series of phosphorus, sulfur and thiol-based compounds 
have been created and HDAC inhibitory activity examined.43,44 
Sulfur containing hydroxamate H40 in which the amidic bond was 
replaced with a sulfide, inhibited HDAC activity with enhanced 
efficacy and prevented development of prostate cancer.43 Modified 
SAHA bearing a hydroxamic acid backbone was found to che-
late zinc ions in the active site of HDAC in a bidentate fashion 
through its CO and OH groups, thereby reducing HDAC activ-
ity in a more effective manner.45 This study builds on these prior 
reports by evaluating the efficacy of selenium-containing deriva-
tives of SAHA, called PCP-SeCN and B(PCP)-2Se for preventing 
melanoma.36 In this study, use of selenium for preventing cancers, 
substituting sulfur with selenium in SAHA shown to improve the 
efficacy of SAHA for preventing melanocytic lesion development. 
However, it is unclear whether this HDAC inhibitory activity is 

Table 1. PCP-SeCN and B(PCP)-2Se more selectively inhibits cancer cell than SAHA

Cell lines IC50 (μmol/L) at 72 h

SAHA PCP-SeCN B(CP)-2Se

Normal cells

FOM103 > 40* 36.20 ± 3.90 > 40*

FF2441 (Fibroblast) 9.46 ± 0.33 7.84 ± 0.77 5.88 ± 0.56

HFK (Keratinocytes) 8.97 ± 0.29 6.32 ± 0.41 5.27 ± 0.30

Melanoma cells

WM35 2.03 ± 0.34 0.81 ± 0.20 0.38 ± 0.16 RGP

WM115 1.99 ± 0.34 0.80 ± 0.06 0.30 ± 0.04 VGP

A375M 3.60 ± 0.19 1.94 ± 0.36 1.10 ± 0.14

MM
SK-MEL-24 4.55 ± 0.30 2.59 ± 0.24 1.36 ± 0.19

1205 Lu 5.33 ± 0.23 2.44 ± 0.14 1.60 ± 0.33

UACC 903 4.67 ± 0.62 2.90 ± 0.31 1.54 ± 0.12

Other cancer cells

MDA-MB-231 (Breast) 3.47 ± 0.29 3.17 ± 0.08 2.11 ± 0.25

PC-3 (Prostate) 4.11 ± 0.63 2.84 ± 0.24 2.53 ± 0.09

MiaPaca-2 (Pancreas) 4.63 ± 0.53 2.50 ± 0.38 2.04 ± 0.22

HT-1080 (Fibro sarcoma) 4.38 ± 0.48 3.38 ± 0.25 2.14 ± 0.17

Normal cells, early and late stage melanoma cells and other cancer cells were seeded in a 96-well plate, after 36–72 h, treated with increasing concen-
trations of SAHA, PCP-SeCN and B(PCP)-2Se for 72 h. Number of viable cells determined using MTS and percentage decrease in viability calculated. IC50 
values shown represent the averages of at least three independent experiments. PCP-SeCN and B(PCP)-2Se found to be more effective compared with 
SAHA. *~10% cell death was observed at 40 μmol/L concentration; RGP, radial growth phase; VGP, vertical growth phase; MM, metastatic melanoma.
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In conclusion, selenium containing derivatives of SAHA, 
called PCP-SeCN and B(PCP)-2Se have been shown to more 
effectively prevent melanoma development in skin that SAHA. 
Mechanistically, enhanced efficacy was due to novel Akt inhibi-
tory properties mediated by selenium. Thus, selenium containing 
derivatives of SAHA have unique melanoma cell killing prop-
erties and can be used for preventing melanoma by acting as 
HDAC and PI3 kinase pathway inhibitors.

Materials and Methods

Cell lines and culture conditions. Human fibroblast FF2441 
cells, melanocytic radial growth phase WM3211, metastatic mel-
anoma cell lines A375M, SK-MEL-24, 1205 Lu and UACC 903, 
as well as cancer cell lines representing fibro sarcoma (HT-1080), 

PCP-SeCN and B(PCP)-2Se can decrease expression of cyclin 
D1 and promote sub-G

0
-G

1
 arrest by upregulating p21 protein 

levels mediated though decreased Akt activity. p21 is a well-
known inhibitor of cell cycle progression by reducing the cyclin/
cdk2 complex and blocking DNA replication through binding to 
proliferating cell nuclear antigen.52,53

HDAC inhibitors such as LAQ824 (for leukemia), FK-228 
(for cutaneous T-cell lymphoma) and MS-275 (for melanoma) 
are currently being evaluated in clinical trials.54-58 Antitumor 
activity of orally administered HDAC inhibitors such as SAHA 
or MS-275 can be effective at inhibiting tumor development.59,60 
Consistent with these reports, topical application of PCP-SeCN 
and B(PCP)-2Se inhibited growth of melanocytic lesions devel-
oping in laboratory-generated skin reconstructs, demonstrating 
the utility of these agents for preventing melanoma.

Figure 2. PCP-SeCN and B(PCP)-2Se inhibits HDAC activity more effectively than SAHA. (A) PCP-SeCN and B(PCP)-2Se retained HDAC inhibitory activity 
in HeLa cells. PCP-SeCN and B(PCP)-2Se effectively inhibited HDAC activity at concentrations as low as 1.0 μmol/L comparable to that occurring with 
SAHA. HDAC activity was expressed as percent inhibition compared with DMSO control. Data represented average of three independent duplicate 
experiments. (B) Expression and activity of HDAC was elevated in melanocytic lesion compared with metastatic melanoma cell lines. HDAC activity 
(μmol/L deacetylated histone/μg of nuclear protein/h) was measured in nuclear extracts of melanocytic or melanoma cell lines derived from radial 
(RGP) WM35, WM3211; vertical (VGP) WM115, WM278.1 and metastatic (MM) A375M; UACC 903 lesions. Compared with melanoma cells, higher HDAC 
activity was observed in radial and vertical growth phase cells derived from melanocytic lesions. HeLa nuclear extract served as positive control for 
the assay. Increased HDAC protein expression was observed in melanocytic lesion cell lines by western blotting. α-enolase served as a control for 
equal protein loading. Data constitute the averages of three independent experiments; bars ± SE (C) PCP-SeCN and B(PCP)-2Se inhibited endogenous 
HDAC activity in cells derived from primary melanomas. WM35 nuclear extract was incubated with 0.1, 0.5 and 1.0 μmol/L SAHA, PCP-SeCN or B(PCP)-
2Se. A dose-dependent decrease in HDAC activity (μmol/L deacetylated histone/μg of nuclear protein/h) was observed with increasing inhibitor con-
centration. Data represents average of three independent experiments; bars ± SE (D) PCP-SeCN and B(PCP)-2Se increased levels of acetylated histone 
H3 and H4 in melanocytic lesion cells similar to that observed with SAHA. WM35 cells were treated with 0.25 to 2.0 μmol/L of SAHA, PCP-SeCN and 
B(PCP)-2Se for 72 h. Nuclear extracts were analyzed by western blotting to determine effect on expression of acetylated histone H3 and H4. A dose 
dependent increase in expression of acetylated histone H3 and H4 with increasing PCP-SeCN and B(PCP)-2Se concentration was observed, demon-
strating HDAC inhibitory activity similar to that observed with SAHA. HDAC1 served as a control for equal protein loading.
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cholera toxin (Sigma), 4.5 ng/mL bFGF (Promega) and 2 mM 
L-Glutamine (Mediatech) as previously described in reference 
62. Passage 2–5 human foreskin keratinocyte (HFK) cells were 
isolated and cultured in EpiLife E-medium as detailed previously 
in reference 16.

Cell viability, proliferation, apoptosis and cell cycle analysis. 
Viability and IC

50
 of normal human melanocytes, keratinocyte, 

fibroblast and melanoma cells following treatment with SAHA, 
PCP-SeCN or B(PCP)-2Se were measured using the MTS assay 
(Promega).37,38 A total of 5 × 103 cells per well in 100 μL of media 

prostate (PC-3), breast (MDA-MB-231) and pancreatic neopla-
sia (MiaPaca-2) were maintained in DMEM (Invitrogen) sup-
plemented with 10% FBS (Hyclone) in a 5% CO

2
 atmosphere 

humidified 37°C incubator. Normal and GFP expressing melano-
cytic radial (WM35) and vertical (WM115, WM278.1) growth 
phase melanoma cell lines were maintained in Tu 2% medium 
as described previously in reference 61. Normal human primary 
FOM103 melanocytes were cultured in melanoblast media: 1x 
MCDB 153 (Sigma), 2% FBS, 10% chelated FBS (Hyclone), 100 
nM ET3 (VWR International), 10 ng/mL SCF (R&D), 20 pM 

Figure 3. PCP-SeCN and B(PCP)-2Se inhibited melanoma cell growth by reducing cellular proliferation, triggering apoptosis and elevating levels of 
sub-G0-G1 phase cells in the cell cycle. (A and B) Cell proliferation and apoptosis inhibited melanoma cell proliferation and triggered apoptosis more 
effectively than SAHA. WM35 and UACC 903 cells were treated with increasing concentrations of SAHA, PCP-SeCN and B(PCP)-2Se and cell proliferation 
and apoptosis rates measured after 72 h exposure using BrdU incorporation (A) and Apo-ONE homogenous caspase-3/7 assay kits (B). Data represents 
average of two to three independent experiments; bars ± SE (C) PCP-SeCN and B(PCP)-2Se increased the sub-G0-G1 population in melanoma cells. 
WM35 and UACC 903 cells were treated with increasing concentrations of SAHA, PCP-SeCN and B(PCP)-2Se for 72 h. Total cells (floating and adherent) 
were collected, stained with propidium iodide and analyzed using a FACScan analyzer. A 4–28 fold increase in sub-G0-G1 cells compared with vehicle 
DMSO treated cells was observed following treatment with PCP-SeCN or B(PCP)-2Se (C).
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solution containing 100 μg/mL propidium iodide; (Sigma), 
20 μg/mL Ribonuclease A (Roche Diagnostics) and 3 μg/mL 
Triton X-100 dissolved in 0.1% (W/V) sodium citrate for 30 min 
at 4°C. Stained cells were analyzed using the FACScan analyzer 
(Becton Dickinson) and data processed utilizing ModFit LT 
software (Verity Software House).37,38

HDAC activity assay. HDAC activity was measured on 
nuclear and cytosolic extracts using the colorimetric HDAC 
activity assay kit (BIOMOL) following the manufacturer’s pro-
tocol. In brief, aliquots of nuclear extracts of melanoma cells or 
HeLa cell nuclear extract (supplied with the kit) were incubated 
with 1 mM Color de Lys substrate at 37°C for 30–60 min in a 
total volume of 50 μL.36 After incubation, 2 μmol/L TSA in a 
total volume of 50 μL of 1x developer was added to the sam-
ple and incubated at 37°C for 15 min. A series of deacetylated 
standard dilutions were prepared to establish a standard curve. 
Absorbance was measured at 405 nm using a SPECTRA max-
M2 plate reader (Molecular Devices Corporation).

Western blot analysis. Cell lysates were harvested by addition of 
lysis buffers containing 50 mM HEPES (pH 7.5), 150 mM NaCl, 

were grown in a 96-well plate for 48 or 72 h respectively for WM35, 
WM115, A375M, SK-MEL-24, 1205 Lu and UACC 903 or nor-
mal cell lines (FOM103, FF2441 and HFK) treated with either 
DMSO vehicle control or 0.62 to 10 μmol/L of SAHA, PCP-
SeCN or B(PCP)-2Se for 24, 48 or 72 h. Cell viability compared 
with control treated cells was measured using the MTS assay.37,38 
IC

50
 values for each compound in micromoles per liter for respec-

tive cell lines were measured from three independent experiments 
using GraphPad Prism version 4.01 (GraphPad Software).

Cellular proliferation and apoptosis. Rates were measured 
by seeding 5 × 103 cells in 96-well plates, followed by treatment 
for 72 h with each respective agent. Percentage proliferating and 
apoptotic cells were quantified using a colorimetric cell prolif-
eration ELISA BrdU kit (Roche Diagnostics) and Apo-ONE 
Homogenous caspase-3/7 assay kit (Promega), respectively.37,38

Cell cycle analysis. Cell cycle analysis was undertaken by 
growing 1 × 106 WM35 and UACC 903 cell lines in 100 mm 
culture dishes followed by treatment with each respective agent 
for 72 h. Total floating and adherent cells were collected follow-
ing trypsinization, and stained using 1 mL propidium iodide 

Figure 4. PCP-SeCN and B(PCP)-2Se but not SAHA inhibited the PI3K signaling pathway in melanoma cells to trigger apoptosis. WM35 (A) and UACC 
903 (B) cells were treated with increasing concentrations of SAHA, PCP-SeCN and B(PCP)-2Se for 24–72 h and cell lysates analyzed to determine the 
expression as well as activity of Akt signaling proteins. PCP-SeCN and B(PCP)-2Se but not SAHA increased levels of cleaved caspase-3/7 and PARP levels 
mediated by decreased pAkt signaling resulting in reduced cyclin D1 and increased p21 levels. α-enolase served as a control for equal protein loading.
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created in a culture dish. Briefly, human FF2441 fibroblasts were 
trypsinized and resuspended in 10% reconstitution buffer, 10% 
DMEM (Mediatech), 2.4 μL/mL of 10 mol/L NaOH and 80% 
collagen I on ice (Becton Dickinson) at a cell density of 3.75 × 
105/mL. Mixture was then aliquoted into 6- or 12-well plates 
and incubated at 37°C for 3 h to form a dermal matrix. One mL 
aliquot of E-medium was added to each well containing a dermis 
and allowed to grow for two additional days. A mixture of nor-
mal human keratinocytes and GFP expressing melanoma cells 
WM35 GFP or WM115 GFP at a ratio of 1:10 were resuspended 
in 1 mL of E-medium and added on top of the dermal matrix to 
produce a keratinized layer containing non-invasive cells derived 
from primary or invasive melanomas. After 2 d, skin recon-
structs were transferred onto wire grids in a tissue culture incuba-
tor to form a complete keratinized layer 7–8 d later. During this 
period, developing skin reconstructs were fed via diffusion from 
E-medium (replaced every other day) below the wire grids.16

Topical drug treatment of skin reconstructs. Skin recon-
structs containing nodules of WM35 GFP or WM115 GFP 
having similar number and size were grouped into vehicle PBS 

10 mM EDTA, 10% glycerol, 1% Triton X-100, 1 mM sodium 
orthovanadate, 0.1 mM sodium molybdate, 1 mM phenylmeth-
ylsulfonyl fluoride, 20 μg/mL aprotinin and 5 μg/mL leupeptin. 
Whole cell lysates were centrifuged (≥ 10,000x g) for 10 min at 
4°C to remove cell debris. Protein concentrations were quanti-
tated using the BCA assay from Pierce, and 30 μg of lysate loaded 
per lane onto NuPAGE Gels (Life Technologies). Following elec-
trophoresis, samples were transferred to polyvinylidene difluoride 
membrane (Pall Corporation). Blots were probed with antibodies 
to total Akt, phospho-Akt (Ser473), phospho-PRAS40 (Thr246) 
caspase-3 and cleaved PARP from Cell Signaling Technology. 
Anti-acetyl histone H3 and H4 from Upstate Biotechnology. 
Total PRAS40 from Invitrogen; and, antibodies to cyclin D1, 
p21, α-enolase and secondary antibodies conjugated with horse-
radish peroxidase from Santa Cruz Biotechnology. Immunoblots 
were developed using the enhanced chemiluminescence (ECL) 
detection system (Thermo Fisher Scientific).

Generation of laboratory skin containing cells derived from 
primary melanomas. Reconstructed skin (average size measure-
ments: length, 14 mm; breadth, 21 mm; height, 1 mm) was 

Figure 5. PCP-SeCN and B(PCP)-2Se inhibited melanocytic lesion development in laboratory generated skin reconstructs. (A and B) Topical treatment 
of PCP-SeCN and B(PCP)-2Se inhibited melanocytic lesion development in laboratory-generated skin reconstructs. Skin reconstructs containing GFP 
expressing WM35 (A) or WM115 (B) melanoma cells were treated topically with 1, 3 and 6 μmol/L PCP-SeCN, B(PCP)-2Se or SAHA (in 200 μL PBS) daily 
for 8 d. Topical application of PCP-SeCN and B(PCP)-2Se, significantly decreased nodule development in the skin; p < 0.05, one-way ANOVA. No dif-
ferences in tumor sizes were observed when comparing PBS vehicle control to SAHA treated skins. Magnification 4.8x. (C) Analysis of H and E stained 
sections showed no significant differences in cell or skin morphology compared with controls treated with PBS or SAHA. Untreated or PBS treated skin 
were compared with skin exposed to 1 or 6 μmol/L PCP-SeCN, B(PCP)-2Se or SAHA. Magnification, 200x.
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between two groups, the t-test was used. Results represent at least 
two to three independent experiments and are shown as averages 
± SEM. Results with a p value less than 0.05 (95% CI) were 
considered significant.
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Note

PCP-SeCN (5-phenylcarbamoylpentyl selenocyanide) and 
B(PCP)-2Se [Bis(5-phenylcarbamoylpentyl)diselenide] are 
also referred to as SelSA-2 (containing one selenium atom) and 
SelSA-1 (containing two selenium atoms) respectively in the 
published reports by Desai et al.36 Since names were misleading 
regarding the number of selenium atoms, this manuscript uses 
names derived from the established IUPAC nomenclature.

control (200 μL), SAHA, PCP-SeCN or B(PCP)-2Se (1, 3 and 
6 μmol/L) treatment groups (n = 3 skin reconstructs in each 
group). They were exposed to agents every day for eight consecu-
tive days at which time, a Nikon SMZ 1500 fluorescent micro-
scope (Nikon Instruments) was used to measure the number and 
area of melanoma nodules using IP Lab software after photo-
graphically recording and analyzing of images (BD Biosciences). 
Average area occupied by nodules for each treatment group were 
measured and plotted against each drug concentration.16

Histology and morphological characterization of artificial 
skin reconstructs. Cellular morphology and architecture of skin 
reconstructs prior to, and at the end of each treatment regime 
were analyzed following fixation with 10% paraformaldehyde 
(Electron Microscopy Science). Skin reconstructs were trimmed 
into strips, frozen in O.C.T compound and sectioned. Formalin 
fixed paraffin embedded sections were stained with H&E to 
examine skin architecture, whereas frozen sections were used to 
photograph location and structure of GFP expressing nodules.16

Statistical analysis. Statistical analysis was performed using 
Prism 4.0 GraphPad Software. One-way or two-way analysis of 
variance (ANOVA) was used for groupwise comparisons, followed 
by the Tukey’s or Bonferroni’s post hoc tests. For comparison 
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