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ABSTRACT

Malignant melanoma is the most dangerous type of skin cancer. Although
recent progress in treatment has been achieved, lack of response, drug resistance
and relapse remain major problems. The tumor suppressor p53 is rarely mutated in
melanoma, yet it is inactive in the majority of cases due to dysregulation of upstream
pathways. Thus, we screened for compounds that can activate p53 in melanoma cells.
Here we describe effects of the small molecule MJ25 (2-{[2-(1,3-benzothiazol-2-
ylsulfonyl)ethyl]thio}-1,3-benzoxazole), which increased the level of p53-dependent
transactivation both as a single agent and in combination with nutlin-3. Furthermore,
MJ25 showed potent cytotoxicity towards melanoma cell lines, whilst having weaker
effects against human normal cells. MJ25 was also identified in an independent screen
as an inhibitor of thioredoxin reductase 1 (TrxR1), an important selenoenzyme in the
control of oxidative stress and redox regulation. The well-characterized TrxR inhibitor
auranofin, which is FDA-approved and currently in clinical trials against leukemia
and a number of solid cancers, displayed effects comparable with MJ25 on cells and
led to eradication of cultured melanoma cells at low micromolar concentrations.
In conclusion, auranofin, MJ25 or other inhibitors of TrxR1 should be evaluated as
candidate compounds or leads for targeted therapy of malignant melanoma.

INTRODUCTION

Cutaneous malignant melanoma is the most
dangerous type of skin cancer and incidence rates have
been rising continuously over the past decades [1, 2].
Vemurafenib (Zelboraf, PLX4032) [3] is approved for the
treatment of unresectable or metastatic melanoma in which
the serine/threonine kinase BRAF has been mutated at
Val600, as is the case in approximately 50% of patients [4].
However, drug resistance and relapse following treatment
with vemurafenib are major problems, and the average

tumor-free survival time after treatment has remained less
than one year [5]. Furthermore, a number of countries
have excluded this drug from subsidy within their health
care programs due to a high cost/benefit ratio. Additional
compounds and antibodies for targeted, immuno- as well
as combination therapy have been and are currently being
developed such as the BRAFY®®™ inhibitor dabrafenib
[6], mitogen-activated protein kinase kinase (MEK)
inhibitors trametinib [7] and cobimetinib [8], the anti-
cytotoxic T-lymphocyte-associated protein 4 (CTLA-4)
antibody ipilimumab [9] as well as anti-programmed cell
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death protein 1 (PD-1) antibodies pembrolizumab [10]
and nivolumab [11]. However, despite promising results
being achieved with these agents, lack of responsiveness
and relapse are still major problems (reviewed in [12, 13]).

Differing from a large number of solid tumors, the
tumor suppressor p53 is rarely mutated in melanoma [14-
18]. Instead, its function is thought to be abrogated by
other mechanisms, such as overexpression of its negative
regulators murine double minute 2 (mdm2) or mdm4
(mdmx) [19-21]. During the past decade, several classes
of non-genotoxic compounds that can reactivate wild-type
(wt) p53 by inhibiting its interaction with mdm?2 and/or
mdm4 have been described (reviewed in [22]). The most
widely tested of these is nutlin-3 [23], a derivative of
which, RG7112 (RO5045337), has been tested in phase
I clinical trials [24, 25]. However, nutlin-3 can lead to
both cytotoxic and cytostatic effects [23, 26-28]. Whilst
cytotoxic effects are desirable, cell cycle arrest can lead to
the recovery of cell populations following drug removal
[28], and may result in relapse. Thus, finding other non-
genotoxic p53 activators that specifically lead to death
in tumor cells is desirable. Therefore, we performed a
melanoma cell-based screen to identify compounds that
can activate p53, and subsequently studied the capability
of selected compounds to induce cytotoxicity rather than
cell cycle arrest, in this cell type.

In the present study we describe characteristics
of the non-genotoxic small molecule MIJ25
((2-{[2-(1,3-benzothiazol-2-ylsulfonyl)ethyl]thio}-1,3-
benzoxazole), PubChem compound ID 1319216), named
“MJ25” for screen compound 25. MJ25 was an active
compound in our screen for p53 reactivators, albeit with
low potency. However, as MJ25 was also independently
identified as a hit compound in a recent quantitative high-
throughput screen for inhibitors of the selenoprotein
thioredoxin reductase 1 (TrxR1), an enzyme of major
importance in cellular redox control [29-31], it was
selected for further characterization. The results of that
screen, based upon a previously described assay [32], have
recently been deposited in PubChem (BioAssay number:
588453; W. Stafford et al., manuscript in preparation).
The combined activities of MJ25 to activate p53 and
simultaneously inhibit TrxR1 were interesting features
from a potential therapeutic perspective and resembled
effects previously noted for compounds such as RITA [33]
and PRIMA-1MET [34]. We therefore wished to study the
cytotoxic properties of MJ25 in melanoma cells.

TrxR1 is a cytosolic antioxidant protein with the
main function of keeping the active site disulfide/dithiol
motif of thioredoxin 1 (Trx1) in a reduced state. TrxR1
thereby supports a wide range of Trx1-dependent cellular
pathways, from providing protection against excessive
levels of reactive oxygen species (ROS) [29, 30, 35] to
modulating several levels of redox regulation and cell
viability [31]. To perform its catalytic function, TrxR1
needs to be present in a reduced state. TrxR1 reduction

is a multistep process initiated by nicotinamide adenine
dinucleotide phosphate (NADPH) reducing a flavin
adenine dinucleotide (FAD) moiety. Subsequently, FADH,
reduces the redox-active disulfide motif -CVNVGC- in
the N-terminus of the same subunit of the homodimer,
resulting in a dithiol motif. Finally, this dithiol reduces
the selenium-sulfide motif formed by the cysteine (Cys)
and selenocysteine (Sec) residues in the -GCUG sequence
present in the C-terminus of the other subunit. This
selenolthiol can, in turn, reduce most of the enzyme’s
substrates including Trx1. The C-terminal selenolthiol
motif of the NADPH-reduced enzyme is easily accessible
to substrates and is considered to be the major active site
of the enzyme [36-38]. However, substrates like juglone
(5-hydroxy-1,4-naphthoquinone, walnut toxin) can be
reduced by the N-terminal FAD/~CVNVGC- motif in a
Sec-independent manner [39].

The growth-stimulatory and anti-apoptotic activities
of TrxR1, as well as its observed upregulation in a number
of tumor types, suggests that inhibition of TrxR1 may
result in tumor growth inhibition [40]. Indeed, various
compounds with Trx- or TrxR1-inhibitory activities have
been described as potential anti-cancer agents [35, 40-42].
Auranofin (Ridaura) is a potent inhibitor of TrxR1 [43-
50] and approved for the treatment of rheumatoid arthritis,
and is currently being tested for potential anti-cancer
activity in a small number of clinical trials (http:/www.
clinicaltrials.gov). However, its activity against malignant
melanoma is not currently being evaluated in those trials.
Here we found that both MJ25 and auranofin inhibit
TrxR1 and are cytotoxic towards melanoma cells. These
compounds also display similarities regarding p53 protein
induction and BRAFY6®™ dependence. Our data suggest
that targeting TrxR1 may indeed be a possible therapeutic
strategy for the treatment of melanoma.

RESULTS

MJ25 and its p53 related properties

To identify small molecules that activate wt p53
in melanoma we performed a screen in ARNS cells
expressing P-galactosidase under the control of a p53-
dependent promoter. MJ25 (Figure 1a) was identified as
an active compound in this screen, displaying modest p53
activation. As it was also identified as a TrxR1 inhibitor
with an IC, of 1.122 uM (PubChem BioAssay number:
588453; http://pubchem.ncbi.nlm.nih.gov), it was selected
for further analysis. MJ25 was subsequently repurchased
and its activation of p53-dependent transcription
confirmed in ARNS cells as well as in the T22 cell line,
a murine prostate-derived cell line stably transfected
with the same [B-galactosidase reporter gene as ARNS
cells (data not shown) [51]. We also found that MJ25
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further increased the p53 transcription factor activity in mechanisms of action. Interestingly, MJ25 induced p53

ARNS cells when used in combination with nutlin-3, protein levels in ARNS cells without increasing p21 levels,
a well-described specific p53 activator (Figure 1b) whilst mainly inducing p21 and not p53 in human normal
[23], suggesting that the two compounds have different dermal fibroblasts (HNDFs) (Figure 1c¢). We found that
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Figure 1: MJ25 activates pS3 and eradicates melanoma cells in culture. a. Chemical structure of MJ25. b. ARNS cells,
which express wt p53 and have been stably transfected with a p53-dependent 3-galactosidase expression vector (RGC-AFos-LacZ reporter
plasmid), were co-treated with vehicle (-) (DMSO) or nutlin-3 [2 uM] (+) and vehicle (0) (DMSO) or MJ25 at the indicated concentrations
for 16 hours. p53-dependent transcription was assessed by measurement of 3-galactosidase activity, taking protein levels into consideration.
Error bars represent standard deviation. **, p <0.01; **** p» <0.001 (unpaired one-tailed Student’s ¢-test; n =4). c. ARNS cells and human
normal dermal fibroblasts (HNDFs) were treated with MJ25 at increasing concentrations for 9 hours. Protein levels were determined by
Western blotting. GAPDH served as loading control. d. Cell growth and viability were measured in a number of melanoma cell lines,
HNDFs and human normal epithelial melanocytes (HNEMs) by sulforhodamine B (SRB) assay after treatment with MJ25 at the indicated
concentrations for 72 hours. Error bars represent standard deviation. (e and f) The effect of MJ25 on cell viability and colony-forming
capacity was studied in e. RKO p53** and p5397¥f cells as well as f. HCT116 p53** and p53%7ef cells. g. H1299 cells (p53 null; top panel)
and H1299 cells stably transfected with mutant p53 (R175H; bottom panel) were treated with MJ25 at the indicated concentrations for each
6 or 24 hours, respectively. p21 levels were determined by WB. GAPDH was used as loading control.
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MJ25 reduced the growth of various melanoma cell lines
after 72 hours of treatment, whilst being less toxic to
both HNDFs and human normal epithelial melanocytes
(HNEMSs) (Figure 1d). Supporting the observation that
pS3 activation by MJ25 was modest, its ability to kill
tumor cells was weakly dependent on the presence of full-
length-p53. A slight decrease in sensitivity was observed
in RKO and HCT116 cell lines deficient in full-length p53
(p539%tdety compared with their p53** isogenic counterparts
(Figure le and 1f). The increased levels of p21 levels in
HNDFs and not ARNS cells (Figure 1c) suggested that
the ability of MJ25 to induce this protein was enhanced
in the absence of activated p53. In support of this finding,
p21 was also strongly induced in p53-null H1299 cells as
well as in H1299 cells stably transfected with mutant p53
(Figure 1g).

pS3 activation suggested that MJ25 may act as
a DNA damaging agent, and the presence of a sulfone
group in this compound suggested that it may do so by
DNA mono-alkylation. However, such activity could not

be detected in an assay for DNA alkylation (Figure 2a).
We also determined whether MJ25 increased the levels
of y-H2AX, which occurs in response to double-strand
breaks (DSBs) [52] and is often used as an indicator of
possible genotoxicity. MJ25 did not induce y-H2AX in
HNDFs within 9 hours of exposure (Figure 2b) nor at
later times (data not shown). y-H2AX levels were slightly
increased in ARNS cells at concentrations of MJ25 that
lead to cytotoxicity in these cells (Figures 1d and 2b). Cell
death driven DNA fragmentation, which can also result
in increased levels of y-H2AX [53], may account for this
result.

The dependency of MJ25’s cytotoxicity on mutant
BRAF

All of the melanoma cells tested here harbor a
V600E point mutation in BRAF, a mutation that occurs in
approximately 50% of patients suffering from melanoma
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Figure 2: MJ25 appears to be non-genotoxic. a. MJ25’s DNA alkylating capacity was assessed in an in vitro DNA alkylation assay.
Form I (lower band) represents supercoiled (unaffected) plasmids and form II (upper band) open circular plasmids, which appear upon
DNA alkylation. b. ARNS cells and HNDFs were treated with MJ25 at various concentrations for 9 hours. Changes in levels of y-H2AX
were determined by Western blotting. GAPDH served as loading control.
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[4]. We therefore tested if the cytotoxic effects of MJ25
were dependent on a constitutively active BRAF pathway.
Both the ARNS and RKO cell line express BRAFY6E [54,
55], which drives their proliferation and survival [56-58].
As shown in Figure 3a, MJ25 was slightly more potent
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at killing tumor cells expressing BRAFV"E than isogenic
cells lacking this mutant protein. Notably, MJ25 was able
to kill ARNS cells that were co-treated with vemurafenib,
the first inhibitor of BRAFYS"E clinically approved for the
treatment of unresectable or metastatic melanoma [3, 4]
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Figure 3: MJ25’s cytotoxic effect is enhanced by mutant BRAF. a. RKO BRAFVOWEVEOE and BRAF-* cells were treated for
72 hours with MJ25 as indicated, and cell viability and clonogenic capacity were determined. (b and c) The effect of MJ25 either alone or
in combination with vemurafenib (vmf) on cell viability and clonogenic capacity was determined in b. ARNS cells and ¢. HNDFs. DMSO
served as vehicle control. d. ARNS cells were treated with vemurafenib (vmf) [5 uM], DMSO or MJ25, respectively, at the indicated
concentrations for the indicated periods of time. Changes in protein levels were determined by Western blotting. Stars indicate bands

representing phospho-ERK subunits that remained when re-using the membrane for blotting against GAPDH.
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(Figure 3b). MJ25 was furthermore able to induce cell
death in cells that were largely insensitive to vemurafenib,
achieving almost total cell eradication both as a single
agent and when combined with vemurafenib (Figure 3b).
In contrast, neither single nor combined treatment affected
the clonogenic potential of HNDFs (Figure 3c).

Unlike vemurafenib, MJ25 did not inhibit
phosphorylation of extracellular signal-regulated kinases
1 and 2 (ERK1 and ERK?2), which are downstream targets
of BRAF and indicative of BRAF activation (Figure 3d).
Thus, MJ25 is mechanistically different from vemurafenib
and its effects on the BRAF pathway are likely to be
indirect.

Inhibition of thioredoxin reductase 1 by MJ25 in
comparison to auranofin

In addition to reactivating wild-type p53, MJ25 was
independently identified as an inhibitor of TrxR1 (see
above). Therefore, we also confirmed that repurchased
MJ25 inhibited recombinant TrxR1 (Figure 4a) and then
tested whether MJ25 inhibited TrxR1 in ARNS cells
(Figure 4b). When analyzing cells treated with 5 uM
MJ25 we found that the compound transiently inhibited
TrxR activity in cell lysates at 3 hours of treatment, with a
subsequent rebound effect at later time points (Figure 4b).
This effect was also seen with auranofin, a well-described
and very potent TrxR inhibitor (Figure 4a and 4b) [43-
50]. Such a rebound effect is likely to be nuclear factor
(erythroid-derived 2)-like 2 (Nrf2) dependent [59]. This
is supported by the finding that both MJ25 and auranofin
strongly induce this factor (Figure 4f, see also below).

To further probe if TrxR1 targeting may be a
component of MJ25’s mechanism of action, we increased
the expression of selenoproteins by supplementing the
growth medium with sodium selenite [60]. The effects of
both MJ25 and auranofin on colony-forming capability
were clearly dampened by trace amounts of sodium
selenite (Figure 4c and 4d). Auranofin was more affected
by selenium supplementation than MJ25, suggesting that
auranofin is more selenoprotein dependent than MJ25
(Figure 4a and 4b).

Since TrxR1 plays a key role in the cellular
antioxidant defense [29, 30, 35], we next investigated
whether MJ25 or auranofin induces changes in ROS
levels or upregulates antioxidant pathways. Both MJ25
and auranofin might induce ROS formation, as suggested
by the observed increase in 2°,7’-dichlorofluorescein
(DCF) levels (Figure 4e). Treatment of ARNS cells with
either compound also led to a dose- and time-dependent
induction of nuclear factor Nrf2, a key factor in cellular
antioxidant responses [61, 62], and, to a lesser extent,
increases in the Nrf2 transcriptional targets NAD(P)
H:quinone oxidoreductase 1 (NQO1), heme oxygenase-1
(HO-1), and TrxR1 itself (Figure 4f). This induction of

TrxR1 expression may indeed explain the transient loss of
TrxR1 inhibition by MJ25 and auranofin as well as the fact
that TrxR1 activity was higher 24 hours post-treatment
compared to its starting activity (i.e. >100%) (Figure 4b).
Of note, the effects of MJ25 on induction of Nrf2 and
its target genes were less persistent over time than those
of auranofin, and the latter caused a significant level of
cell death at the highest dose after 24 hours of treatment
(Figure 4f).

To further study the dependence of MJ25-induced
cytotoxicity on TrxR1 and Trxl-dependent pathways,
ARNS8 cells were pre-treated with L-buthionine
sulfoximine (BSO) to deplete intracellular glutathione
(GSH) levels by inhibiting glutathione synthesis (Figure
4g, right panel) [63]. Cell growth decreased approximately
30% upon BSO treatment alone. Co-treatment with
auranofin led to complete eradication of cell populations,
which is in line with the assumption that simultaneous
inhibition of the glutathione and Trx systems will lead to
enhanced cytotoxicity [64]. The cytotoxicity of MJ25 was
less affected by BSO pre-treatment (Figure 4g), which
correlates well with its lower TrxR1-inhibitory capacity in
cell culture compared with auranofin. Of note, glutathione
reductase (GR), the enzyme that converts glutathione
disulfide (GSSQ) to its reduced form (GSH), is highly
homologous to TrxR1, in particular in its catalytically
active site, and both enzymes are NADPH- and FAD-
dependent [65, 66]. Therefore, we tested if MJ25 is able
to inhibit GR in vitro. The data presented in Figure 4h
suggest that this is not the case, as MJ25 did not inhibit
the enzyme at any dose tested. Auranofin was tested for
comparison, and inhibition occurred only at concentrations
exceeding those required for having effects on cells.

MJ25 and auranofin are irreversible inhibitors of
TrxR1 and inhibit Sec-dependent activities of the
enzyme

Electrophilic compounds can easily target the
selenocysteine containing, redox active site of TrxRI1
which is located at the C-terminus of the enzyme. Small
molecule inhibition of TrxR1 at the C-terminus is often
irreversible and, depending on the inhibitor, may form
Selenium compromised Thioredoxin Reductase-derived
Apoptotic Proteins (SecTRAPs) [67, 68]. SecTRAPs gain
pro-oxidant activities directly in contrast to uninhibited
TrxR1 functions via sustained NADPH consumption
through the N-terminal dithiol motif, actively producing
ROS and inducing cell death despite the derivatized
protein’s inability to reduce the traditional substrates of
TrxR1, such as Trx1 [39]. This unique SecTRAP activity
can be observed through reduction of juglone [39].
Auranofin, an electrophilic compound, was previously
shown to irreversibly inhibit TrxR1 and induce SecTRAP
formation [69, 70]. Here, we found that also MJ25 was
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Figure 4: MJ25 is an inhibitor of thioredoxin reductase 1 (TrxR1). a. The capability of MJ25 and auranofin to inhibit recombinant,
rat-derived TrxR1 in vitro was measured by an NADPH dependent 5,5’-dithiobis-[2-nitrobenzoic acid] (DTNB) assay. b. ARNS cells were
treated with MJ25, auranofin or DMSO, respectively, for the indicated periods of time. TrxR1 inhibition was subsequently assessed in cell
lysates by an NADPH and Trx dependent insulin reduction endpoint assay, measuring thiol formation using DTNB. Ratios between MJ25
and DMSO as well as auranofin and DMSO were determined for each point in time. (¢ and d) ARNS cells were treated with ¢. MJ25 or d.
auranofin, while in each half of the samples growth media were supplemented with sodium selenite [75 nM] three days prior to seeding as
well as during seeding and treatment for 72 hours. Cell viability and clonogenic capacity were determined. e. ROS levels were determined
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cells were re-plated in BSO- and vehicle-free growth medium. Cell viability was assessed by SRB assay after 72 hours in the presence
of vehicle (DMSO), MJ25 (left panel) or auranofin (middle panel), respectively. Intracellular glutathione (GSH) levels were determined
72 hours after BSO / vehicle treatment (right panel). h. Inhibition of yeast-derived glutathione reductase by MJ25 and auranofin was
determined in vitro by measurement of glutathione disulfide (GSSG) reduction.
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able to irreversibly inhibit TrxR1 (Figure 5a). MJ25,
like auranofin, also sustained SecTRAPs-like redox
cycling activity with juglone as a substrate after complete
inhibition of the C-terminal active site (Figure 5b).

Effects of auranofin on cell viability, p53 activity
and levels of y-H2AX

Auranofin has previously been tested in various
tumor cell lines in connection with the Developmental
Therapeutics Program (DTP) by the National Cancer
Institute (NCI) at the National Institutes of Health (NIH)
(Cancer Chemotherapy National Service Center (NSC)
number: 321521)  (http://dtp.nci.nih.gov/index.html)
[71]. Analyzing those data, it is evident that auranofin
can inhibit cell growth in the majority of cell lines, with
effective doses up to 3 uM (Supplemental Figure S1).
Strikingly, the GI, value (concentration of drug required
for 50% growth inhibition) was 0.5 uM or less in all of
the melanoma cell lines tested. We therefore wished to
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the transcriptional activity of p53, which was an effect
most clearly illustrated in combination with nutlin-3
(Figure 6f). This finding indicates a major difference in
the cellular responses to auranofin and MJ25. Auranofin
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Figure 5: Inhibition of TrxR1 by MJ25 and auranofin is irreversible and likely occurs at its Sec-dependent active site.
a. NADPH-reduced TrxR1 was incubated with compounds as indicated, and Sec-dependent enzyme activity was subsequently measured
by an NADPH dependent DTNB reduction assay (left panel). Reversibility of inhibition was investigated by desalting of the enzyme and
subsequent determination of enzyme activity by the NADPH dependent DTNB assay (right panel). b. Sec-independent activity of TrxR1
was determined with an aliquot of TrxR1 incubated with compounds as indicated, followed by measurement of NADPH dependent juglone
reduction (left panel). To ensure complete inhibition of the Sec-dependent active site, DTNB activity was tested with the same master mixes

of enzyme and compounds (right panel).

www.impactjournals.com/oncotarget

16495

Oncotarget



also slightly induced the expression of y-H2AX in ARN8 The cytotoxic effect of auranofin is partially
cells, but not in HNDFs (Figure 6g), which again may be BRAFY®mut_dependent
the consequence of DNA fragmentation occurring during
cell death. .
As seen for MJ25 (Figure 3a), auranofin was
more efficient at killing cells expressing mutant BRAF
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Figure 6: Effects of auranofin on melanoma cell viability and pS3. a. A number of melanoma cell lines as well as HNDFs
and HNEMs were treated with auranofin at various concentrations for 72 hours. Cell growth and viability were measured by SRB assay.
Data are representative of four independent experiments; error bars represent standard deviation. b. ARNS cells and HNDFs were treated
with auranofin at increasing concentrations for 9 hours. Changes in protein levels were determined by Western blotting. GAPDH was
used as loading control. e. H1299 cells (p53 null; top panel) and H1299 cells stably transfected with mutant p53 (R175H; bottom panel)
were treated with auranofin at the indicated concentrations for each 6 or 24 hours, respectively. p21 levels were determined by Western
blotting. GAPDH served as loading control. (d and e) The effect of MJ25 on cell viability and colony-forming capacity was studied in d.
RKO p53** and p539ff a5 well as e. HCT116 p53** and p53%fef cells. f. ARNS cells were treated with DMSO (-) or nutlin-3 [2 uM] (+)
and DMSO (0) or auranofin (aur) at the indicated concentrations for 16 hours. p53-dependent transcription was assessed by measurement
of B-galactosidase activity under consideration of protein levels. Error bars represent standard deviation. **, p < 0.01; **** p < 0.001
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(BRAFVOWENV6OERY than an isogenic cell line in which
mutant BRAF had been knocked out (BRAF*) (Figure
7a) [55]. Furthermore, auranofin increased the levels
of phosphorylated ERK1/2 (Figure 7b), indicating that
the drug did not directly inhibit BRAF. In addition,

auranofin was able to eradicate the entire melanoma cell
population, including cells that were largely insensitive
to vemurafenib (Figure 7¢). Notably, however, auranofin
affected the clonogenic potential of HNDFs as strongly
as that of ARNRS cells, an effect that was seen both in the
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Figure 7: Auranofin’s cytotoxic effect in relation to mutant BRAF. a. RKO BRAFVO®EV60E: and BRAF* cells were treated
for 72 hours with auranofin as indicated, and cell viability and clonogenic capacity were determined. b. ARNS cells were treated with
vemurafenib (vmf) [5 uM], DMSO or auranofin, respectively, at the indicated concentrations for the indicated periods of time. Changes in
protein levels were determined by Western blotting. GAPDH was used as loading control. Stars indicate bands representing phospho-ERK
subunits that remained when re-using the membrane for blotting against GAPDH. (c and d) ARNS cells ¢. and HNDFs d. were treated with
auranofin at increasing concentrations in combination with DMSO or vemurafenib (vmf) as indicated. Viability and clonogenic potential
were assessed.
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presence and absence of vemurafenib (Figure 7¢ and 7d).

DISCUSSION

Here we demonstrate that MJ25, an inhibitor of
TrxR1 and weak inducer of p53 activity, can efficiently
kill a number of melanoma cell lines, whilst having milder
effects on HNDFs and HNEMs in culture. We also found
auranofin, a more potent TrxR1 inhibitor, to have similar
effects on melanoma cells. However, auranofin and MJ25
display differences with regard to their efficacy, selectivity
between melanoma cells and normal cells, dependence
upon the glutathione system, as well as their effects on
signaling events downstream of p53.

Both MJ25 and auranofin were found to inhibit
TrxR1 irreversibly. It has been suggested earlier that
auranofin can derivatize the Sec residue of TrxR1 due to
its electrophilic nature [69], which should account for the
observed irreversible inhibition. MJ25 carries a sulfone
group, which may be the site where it reacts with its target.
However, this remains to be shown. Interestingly, our data
suggest that MJ25 neither alkylates DNA nor inhibits the
dithiol/disulfide-containing GR, suggesting that Sec may
be the preferential target.

Whilst TrxR1 helps to prevent cellular damage
caused by ROS [29, 35], inhibition of TrxR1 can itself lead
to ROS production by the conversion of the enzyme to a
pro-oxidant NADPH oxidase [68, 72-75]. Increased ROS
levels have been shown to induce p53 expression [76],
which may explain the increase in p53 protein levels upon
treatment with either MJ25 or auranofin. However, only
MIJ25 was able to induce p53’s transcriptional activity,
whereas auranofin inhibited the activity of p53, an effect
that was even more obvious in the presence of nutlin-3. An
earlier study suggests that treatment with auranofin may
lead to a conformational change in p53, resulting in the
inability of the latter to bind to its consensus sequence,
and that this conformational change might be caused by
inhibition of the Trx pathway [77]. Since MJ25 is less
potent towards TrxR1 inhibition, only a fraction of the p53
protein molecules may undergo a conformational change.
This, in turn, may also explain why the transcriptional
activity of p53 is not increased proportionally to its protein
levels upon MJ25 treatment. Conversely, we found that
the p53 status could affect the cytotoxicity of auranofin on
tumor cells and their colony-forming capabilities, but in a
cell line dependent manner. In contrast, the cytotoxicity of
MJ25 was similar in two sets of cell lines (HCT116 and
RKO), with MJ25 being more effective in cells expressing
wt p53 than in the respective isogenic pS3-deficient cell
lines. The reasons for these qualitative differences in
effects between MJ25 and auranofin are not clear, but
could relate to different off-target or compartmentalization
effects. For example, it is well known that auranofin is
accumulated in mitochondria and first exerts its effects
there [45, 48, 49, 78, 79], while differential organellar

effects of MJ25 are not yet known. However, the effects of
TrxR inhibition, p53 protein induction, ROS production,
Nrf2 induction and preferential cancer cell cytotoxicity
are features evidently shared between the two compounds.
Interestingly, another anticancer drug candidate, RITA,
displays a similar profile of effects with TrxR1 inhibition,
ROS induction and p53 activation [33], suggesting
the potential of a general anticancer principle. Indeed,
non-p53 related effects are difficult to exclude [80].

We also found here that the cytotoxicity caused
by MJ25 and auranofin was slightly BRAF-dependent,
even though the compounds were not direct inhibitors
of the mutant BRAF kinase. Interestingly, BRAFY6E
has previously been shown to induce Nrf2 [81], and
phosphorylation of the BRAF downstream targets ERK1/2
were found here to be induced by treatment of cells with
auranofin, suggesting an intricate web of signaling with
regard to BRAF, p53, Nrf2 and TrxR1 status. Tumor cells
in which the BRAF pathway is constitutively active, due
to the presence of mutant BRAF, generally have a high
rate of proliferation. Therefore, they need to compensate
for the high amounts of ROS produced during frequent
rounds of cell division and a high rate of metabolism.
Thus, disruption of ROS regulation in melanoma cells,
in which the levels of ROS might be quite high already,
might explain why they respond more strongly by
undergoing cell death than their isogenic counterparts in
which the BRAF pathway is not overactive. It should be
noted, however, that TrxR1 inhibition typically induces
Nrf2 [59], as also seen here, suggesting that sub-cytotoxic
doses of auranofin or MJ25 may potentially promote
proliferation and cell viability. Thus, both concentration-
and time-dependency should likely be important for a final
outcome using auranofin, MJ25 or other drugs with similar
profiles.

The increase in the levels of phosphorylated
ERK1/2 upon treatment with auranofin may be attributed
to increased ROS levels, as it has been reported previously
that ROS can induce higher levels of phosphorylated
ERK1/2 [82]. Furthermore, our data confirm a previous
study, in which auranofin was shown to induce
phosphorylation of ERKI1/2 through the generation
of ROS [82]. In contrast, MJ25 was not able to induce
phosphorylation of ERK1/2 despite its ability to induce
ROS. However, MJ25 is less potent than auranofin with
regard to TrxR1 inhibition as well as induction of proteins
involved in the anti-oxidant response, suggesting that
additional pathways modulate phosphorylation of ERK1/2
in different manners when comparing the effects of MJ25
to those of auranofin.

We have found that a significant fraction of ARNS
cells undergo arrest in G1-phase of the cell cycle even at
very high doses of vemurafenib, and that these cells can
recover as soon as the drug has been removed (manuscript
in preparation). This may be related to resistance to
vemurafenib, which is of major concern, even though new
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treatment schedules may reduce or overcome this problem
[83]. The data presented here confirm that even high doses
of vemurafenib could not lead to complete eradication of
melanoma cell populations. Importantly, auranofin led to
complete cell killing without any traces of cells recovering
from treatment. Melanoma cells are very sensitive to
changes in ROS, which may be part of the explanation
of these effects. Induction of ROS has indeed been
proposed as an effective way of killing melanoma cells,
especially of those that are resistant to BRAF inhibitors
like vemurafenib [84]. Because both MJ25 and auranofin
were here found to have milder effects in normal cells
than in melanoma cells with regard to cell viability, this
suggests a certain cancer cell selectivity, even though the
clonogenic potential of HNDFs was significantly affected
by auranofin. However, the FDA approval of auranofin
(Ridaura) as an anti-rheumatic agent and its use in current
clinical trials for cancer treatment show that the drug can
be tolerated by patients.

The molecular mechanisms for the differences
between MJ25 and auranofin require further investigation.
Importantly, the potency of MJ25 was not significantly
improved by GSH depletion, which was in stark contrast
to that of auranofin. This suggests that MJ25 and/
or auranofin may have different other targets beyond
TrxR1, the inhibition of which may contribute to death
of melanoma cells. A search in PubChem revealed that
aldehyde dehydrogenase (ALDH) 1A1 may be inhibited
by MJ25 at sub-micromolar concentrations (BioAssay
number: 1030). The ALDH superfamily consists of 19
genes in humans, and some members have been shown to
play a role in cancer stemness [85]. In particular, ALDHs
may be involved in cancer stemness in melanomas [86],
and ALDHI1A1 has been identified as one of the key
ALDH isozymes involved in this process [87]. Thus, we
investigated if MJ25 kills melanoma cells via inhibition
of ALDHIA1 by comparing the effects of MJ25 on
p53 activation, cell growth and clonogenic potential to
those of disulfiram, which is an inhibitor of ALDH1 and
ALDH2 [88] and approved for the treatment of alcoholism
[89]. However, since disulfiram neither activated the
transcriptional activity of p5S3 nor showed any selectivity
in clonogenic assays comparing ARNS cells with HNDFs
(data not shown), we concluded that inhibition of ALDH,
or in particular ALDH1A1, cannot be the key mechanism
for selective cytotoxic effects of MJ25. Thus, it remains
to be determined which other target(s) or mechanism(s)
of MJ25 elicit its effects in a manner independent of the
GSH status of cells.

Due to its poor solubility, MJ25 has not yet been
tested in vivo. Chemical modification of the compound
to increase its solubility would be a preferable next
step in development of the compound as a potential
anticancer drug candidate, combined with structure-
activity relationship (SAR) studies. In contrast, auranofin
has already been clinically approved for the treatment of

rheumatoid arthritis. With clinical trials testing auranofin
against a number of different types of cancer currently
being performed (http://www.clinicaltrials.gov) but
melanoma not being amongst them, we suggest that
auranofin might be a good drug candidate also for the
treatment of melanoma.

MATERIALS AND METHODS

Reagents and compounds

Acetic acid (no. 33209), acetone (no. 32201),
agarose (no. A9539), auranofin (no. A6733), bovine
serum albumin (BSA; no. A9647), dimethyl sulfoxide
(DMSO; no. D8418), BSO (no. B2515), chlorambucil (no.
C0253), 2',7'-dichlorofluorescein diacetate (DCF-DA; no.
35845), ethidium bromide (no. E1385), Giemsa solution
(no. 48900), insulin (no. 15500), juglone (no. H47003),
methanol (no. 3221N), N,N’-dimethylethylenediamine
(DMEDA; no. D157805), nutlin-3 (no. N6287), Ponceau
S (no. P3504), sodium phosphate monobasic (no. S5011),
sodium phosphate dibasic (no. S7907), sodium selenite
(no. S1382), S-sulfoalicylic acid (SSA; no. 52130),
sulforhodamine B (SRB; no. S9012), trichloroacetic
acid (TCA; no. T6399), tris base (no. T1503) and Tween
20 (no. P2287) were obtained from Sigma-Aldrich
(Heidelberg, Germany). Glutathione reductase derived
from baker’s yeast (Saccharomyces cerevisiae) (no.
359960) and Tris-HC1 (no. 648313) were purchased
from Calbiochem / Merck (Darmstadt, Germany).
5,5’-dithiobis-[2-nitrobenzoic acid] (DTNB; no. 422593K)
and HCI (no. 2611.5000) were from VWR. Chlorophenol
red-B-D-galactopyranoside  (CPRG; no. 884308)
was purchased from Roche (Mannheim, Germany).
MJ25 (ChemBridge ID: 7617239) was obtained from
ChemBridge (San Diego, CA, USA). Vemurafenib (no.
S1267) was purchased from Selleckchem (Houston,
TX, USA). Ethylenediaminetetraacetic acid (EDTA; no.
1.08417.1000) was from Merck (Darmstadt, Germany)
and Sigma-Aldrich (no. ED2SS), and supercoiled pHOT1
DNA (no. TG2030) from Topogen (Port Orange, FL,
USA). Reduced glutathione (GSH; no. A2084.0005),
oxidized glutathione (GSSG; no. G4376), and NADPH
(no. A1395.0500) were purchased from AppliChem
(Kongens Lyngby, Denmark). DMSO was used as vehicle
for MJ25, auranofin and vemurafenib. Compound stock
solutions were stored at -20°C and dissolved in culture
medium immediately prior to use for studies in cells.

Cell culture

T22-RGCAFosLacZ cells, ie. the murine
prostate-derived cell line T22 stably transfected with
a B-galactosidase gene reporter for pS3 activation [51]
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(a kind gift from Xin Lu, Ludwig Institute for Cancer
Research, Imperial College School of Medicine at St
Mary’s, London, UK), the human melanoma cell line
ARNS stably transfected with RGCAFosLacZ [90] (a
kind gift from J. Blaydes, University of Dundee, Dundee,
UK) and its parental cell line A375 (no. CRL-1619, ATCC,
Manassas, VA, USA) as well as human normal dermal
fibroblasts (HNDFs; no. C-12300, PromoCell, Heidelberg,
Germany) were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM; no. SH30243.01, HyClone
Laboratories, South Logan, UT, US) supplemented
with 10% fetal bovine serum (FBS; no. SV30150.03,
HyClone Laboratories) and 1% penicillin / streptomycin
(P/S; no. SV30010, HyClone Laboratories). Human
normal epithelial melanocytes (HNEMs; no. C12402,
PromoCell) were grown in Melanocyte M2 Basal Medium
(no. C-24300, PromoCell) without serum and antibiotics.
The human colon carcinoma cell lines RKO BRAFY0¥
VO0OEr " RKO BRAF* [55], RKO p53**, RKO p53defidel
[91], HCT116 p53** and HCT p53%®f [92], each kindly
provided by Bert Vogelstein (Johns Hopkins University,
Baltimore, MD, USA), as well as the human melanoma
cell line HT-144 (no. HTB-63, ATCC) were grown in
McCoy’s 5A medium (no. M9309, Sigma-Aldrich)
supplemented with 10% FBS, 1% P/S, and 1.5 — 3 mM
L-glutamine (no. SH30034.01, HyClone Laboratories).
RKO and HCT116 cells designated p53%7“f do not express
isoforms of p53 which contain the first transactivation
domain due to replacement of the first codon present in
exon 2 with a resistance marker gene [91, 92]. It should
be noted, however, that the modified gene present in these
clones still encodes all isoforms containing a truncated
N-terminus, e.g. A40p53 and A133p53 isoforms [93].
The human melanoma cell line SK-MEL-28, a kind
gift from Stig Linder (Karolinska Institutet, Stockholm,
Sweden), was cultured in Minimum Essential Medium
Eagle (MEME; no. M5650, Sigma-Aldrich) supplemented
with 10% FBS, 1% P/S and 2 mM L- glutamine. The
human melanoma cell line Colo 829 (no. CRL-1974,
ATCC) was grown in Roswell Park Memorial Institute
medium (RPMI; no. SH30027.01, HyClone Laboratories)
supplemented with 10% FBS and 1% P/S. No additional
selenium source beyond FBS was used in the culturing
of any of the cell lines, unless stated otherwise. All cell
lines were confirmed free of mycoplasma, using the
MycoAlert mycoplasma detection kit (no. LT07-418,
Lonza, Rockland, ME, USA).

Cell-based screen for wt p53 activators

A total of 20,000 compounds from ChemBridge (San
Diego, CA, USA) were tested at a concentration of 10 uM
in the ARNS cell line stably expressing RGCAFos-LacZ.
After 18 hours of treatment, p53 activation was quantified
by measurement of -galactosidase activity as described
[94]. Compounds were ranked on their ability to activate

p53 as well as for drug-like chemical properties and other
relevant information available on Scifinder and PubChem.
p53 activation was confirmed in T22-RGCAFosLacZ cells
(data not shown). Other hit compounds from this screen
will be reported elsewhere.

p53-dependent transcription measurements

p53-dependent transcription was assessed by
measurement of B-galactosidase activity in ARNS cells
using the p53-driven reporter plasmid RGCAFos-LacZ
as described previously [94]. Cells were treated at the
indicated concentrations for 16 hours and 3-galactosidase
activity was normalized to protein concentrations.

Western blotting

Samples were prepared as described previously [95]
and analyzed with 4-12% and 12% precast SDS-PAGE
gels (no. NP0321, NP0322 and NP0342, Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s
instructions. Levels of scanned films (no. 28906837,
GE Healthcare, Buckinghamshire, UK) were adjusted in
Adobe Photoshop CS4 Extended in accordance with the
guidelines for the proper handling of digital image data
given in [96].

The following primary antibodies were used: anti-
extracellular signal-regulated kinase 1/2 (ERK1/2) (no.
9102, Cell Signaling, Danvers, MA, USA; a kind gift from
Leonard Girnita and Claire Worrall, Karolinska Institutet,
Stockholm, Sweden), anti-glyceraldehyde 3-phosphate
dehydrogenase (GAPDH; no. ab8245, Abcam, Cambridge,
UK), anti-NAD(P)H:quinone oxidoreductase 1 (NQOI1;
no. sc-32793, Santa Cruz, Heidelberg, Germany),
anti-Nrf2; no. ab62352, Abcam), anti-p21 (118) [97],
anti-p53 (DO-7) [98], anti-phospho-ERK1/2 (no. 9101,
Cell Signaling; a kind gift from Leonard Girnita and
Claire Worrall) and anti-phospho-histone H2AX (Ser
139) (y-H2AX; no. 05-636, Millipore, Molsheim Cedex,
France). Horseradish peroxidase (HRP)-conjugated
secondary antibodies were rabbit anti-mouse (no. P0161,
Dako, Glostrup, Denmark) and swine anti-rabbit (no.
P0211, Dako).

Cell viability assay

Tests of cell viability were assessed using
colorimetric SRB assays described by Skehan and
colleagues [99]. Cells were seeded at low density in a
96-well plate, using the first column as blank control.
After 72 hours of treatment, growth media were replaced
with ice-cold PBS, and ice-cold TCA was added at a final
concentration of 10% (w/v). After incubation at 4°C for
1 hour, plates were washed several times with tap water
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and air-dried. Subsequently, plates were stained with
0.4% SRB (w/v) in 1% acetic acid (v/v) for 30 min at
room temperature (RT). Plates were de-stained by four
sequential washes in 1% acetic acid. After air-drying,
stained proteins were solubilized with 10 mM unbuffered
Tris. Plates were shaken at medium speed for 5-30 min
and absorbance was measured at 570 nm in a VersaMAX
microplate reader (Molecular Devices) using the SoftMax
Pro software.

To determine the effects of BSO, ARNS cells were
seeded at 200,000 cells per T25 flask in the presence of
BSO [0.25 mM] or vehicle (sterile-filtered MilliQ water)
for 72 hours. Afterwards, cells were trypsinized and
each 10% of the cells transferred to a separate vial for
determination of intracellular GSH levels (see separate
subsection below). The remaining cells were counted
and seeded at 500 cells per well into 96-well plates. After
cell attachment, approx. 2 hours after seeding, MJ25 or
auranofin were added at the indicated concentrations for
another 72 hours. Cell viability was assessed by SRB
assay as described above.

Clonogenic assay

Cells were seeded at 10,000 cells per well in 6-well
plates and treated on the following day as indicated.
When compounds were combined, they were added
simultaneously to the cells. After 72 hours, compounds
were removed, the cells washed twice with growth
medium, and fresh growth medium was added. Cells were
let grow for 4 to 13 days. Afterwards, they were washed
twice with PBS and fixed with methanol/acetone (1/1) at
-20°C overnight up to 3 days. Subsequently, plates were
air-dried and stained with Giemsa solution (7.5% (cancer
cell lines) or 15% (HNDFs) in PBS, respectively) for 5
min at RT followed by two washes in lukewarm tap water
and air-drying.

In vitro DNA alkylation assay

MIJ25’s DNA alkylating capacity was assessed
according to methods described in [100]. In brief,
supercoiled pHOT1 DNA was mixed with the respective
compound in 50 mM sodium phosphate buffer (pH 7.0)
and incubated at 24°C for 6 or 24 hours, respectively.
DMEDA was added at a final concentration of 100 mM
and the mixture was subsequently incubated at 37°C for
1.5 hours. Afterwards, samples were loaded on a 0.5%
agarose gel (w/v) containing 0.5% ethidium bromide (v/v).
Pictures were taken with the GelDoc system (Bio-Rad).
Chlorambucil served as positive control.

Determination of inhibition of purified TrxR1 and
glutathione reductase

Activities of purified TrxR1 were assessed by the
direct NADPH-dependent DTNB reduction assay [101]
and juglone reduction assay [39]. For this, recombinant
selenocysteine-containing rat (Rattus norvegicus) TrxR1
(15 nM; =20 U/mg) produced as described [102], was
incubated with 250 uM NADPH, 0.1 mg/ml BSA, and
various concentrations of compounds. All experiments
were performed in triplicate in 96-well plates and analyzed
using a Spectramax microplate reader (Molecular Devices)
using the SoftMax Pro software. Reference samples were
treated with vehicle instead of active compound and were
set as 100% activity, and no enzyme controls were used as
blank references.

For purified TrxR1 inhibitory activity, 15 nM of
NADPH-reduced TrxR1 was incubated with compounds
for 15 minutes at RT. Following this pre-incubation step,
2.5 mM DNTB was added to each well and the linear
increase in absorbance at 412 nm was followed for 90
seconds. For comparison to GR inhibitory activity, 2 nM
of NADPH-reduced GR was incubated with compounds
for 15 minutes at RT. Following this pre-incubation step,
10 mM of GSSG was added to each well and the linear
decrease in absorbance at 340 nm was followed for 90
seconds.

Irreversible inhibition of TrxR1 was determined
incubating 300 nM NADPH-reduced TrxR1 in the
presence of compounds (2% DMSO) for 90 minutes.
Aliquots of inhibited enzyme were used in a TrxR1-
DTNB activity assay to determine native enzyme activity.
The inhibited enzyme samples were subsequently desalted
over a 30,000 molecular weight cutoff desalting column
and activity was again determined using the DTNB assay.

Differential TrxR1 activities were determined after a
90 minute incubation, using juglone as a Sec-independent
substrate and the DTNB assay as a Sec-dependent activity
control. For the juglone assay, 10 ul of sample was added
to Tris-EDTA buffer containing 250 uM NADPH and 100
uM juglone, and NADPH consumption was followed
at an absorbance of 340 nm. 10 pl of the same master
mix was additionally used to confirm complete inhibition
of the selenocysteine active site using the DTNB assay.
Concentrations were used to fully inhibit the Sec-
dependent redox activity of TrxR1.

Determination of cellular TrxR1 activities

The “endpoint” Trx1-dependent insulin disulfide
reduction assay was used to measure activities of TrxR1
in cell lysates, as described elsewhere [101]. Briefly, 10 ug
protein of crude cell lysate was incubated in the presence
of 1.3 mM NADPH, 275 uM insulin, 10 pM recombinant
human Trx1 (kindly provided by Arne Holmgren,
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Karolinska Institutet, Stockholm, Sweden) and 12.5 mM
EDTA in 50 mM Tris buffer (pH 7.5) for 40 minutes at
37°C in a 96-well plate. Following this incubation, 7.2
mM guanidine-HCI containing 1 mM DTNB was added
to each well to stop the reaction and detect thiolate groups
with DTNB. Absorption was thereupon read at 412 nm
on a 96-well Spectramax microplate reader (Molecular
Devices) using the SoftMax Pro software. Background
absorbance values using lysates incubated in parallel in
the same reaction mixture without Trx1 were subtracted,
and activities were given as percentages of cells treated
with vehicle alone. DMSO treated cells were used at 100%
activity controls, with samples lacking Trx1 in the reaction
mixture serving as blank controls.

ROS determinations using DCF

Cells were treated as indicated and harvested by
trypsinization, including floating cells in the analyses.
After centrifugation at 1300 x g for 5 minutes the cells
were washed once with PBS and spun down as above.
Pellets were resuspended in PBS containing 5 uM of the
non-fluorescent substrate DCF-DA and incubated at 37°C
for 30 minutes, protected from light. After centrifugation
as above cell pellets were resuspended in 500 ul PBS,
transferred to 5 ml polystyrene tubes, and fluorescence of
the product DCF was analyzed by two-dimensional flow
cytometry using a Becton Dickinson FACScan. Results
were analyzed using the BD CellQuest Pro software (San
Jose, CA, USA).

Determination of intracellular glutathione levels

Intracellular total glutathione (GSH + GSSG) levels
in the cells were determined as described previously [103].
Cell lysates derived from ARNS cells treated with BSO or
vehicle as described in subsection “Cell viability assay”
were used.

Statistical analysis

Statistical analyses were performed in Microsoft
Excel 2010 using an unpaired one- or two-tailed Student’s
t-test, respectively, as indicated in Figure legends.

ACKNOWLEDGMENTS

We would like to acknowledge the contributions
of Anna R. McCarthy, who unfortunately passed away
prematurely. We kindly thank Chloe Tuck and Eliane
Hesse for technical assistance. We are grateful to Xin
Lu (Ludwig Institute for Cancer Research, Imperial
College School of Medicine at St Mary’s, London, UK),
Jeremy Blaydes (University of Dundee, Dundee, UK),

Bert Vogelstein (Johns Hopkins University, Baltimore,
MD, USA) and Stig Linder (Karolinska Institutet,
Stockholm, Sweden) for cell lines. We kindly thank
Leonard Girnita (Karolinska Institutet) as well as Claire
Worrall (Karolinska Institutet) for providing antibodies.
We gratefully acknowledge Arne Holmgren (Karolinska
Institutet) for recombinant Trx1.

DISCLOSURE OF POTENTIAL CONFLICTS
OF INTEREST

The authors declare no conflict of interest.

GRANT SUPPORT

This work was funded by grants from the Swedish
Cancer Society (Cancerfonden), the Swedish Research
Council (Vetenskapsradet), Karolinska Institutet and the
Association for International Cancer Research (AICR).
MH and JC were partially funded by a grant from David
P. Lane’s Cancer Research UK (CRUK) grant program as
well as Tenovus Scotland.

REFERENCES

1. MacKie RM, Hauschild A, Eggermont AM. Epidemiology
of invasive cutaneous melanoma. Ann Oncol. 2009; 20
Suppl 6vil-7.

2. Siegel R, Naishadham D, Jemal A. Cancer statistics, 2013.
CA Cancer J Clin. 2013; 63: 11-30.

3. Bollag G, Hirth P, Tsai J, Zhang J, Ibrahim PN, Cho H,
Spevak W, Zhang C, Zhang Y, Habets G, Burton EA, Wong
B, Tsang G et al. Clinical efficacy of a RAF inhibitor needs
broad target blockade in BRAF-mutant melanoma. Nature.
2010; 467: 596-599.

Sharma A, Shah SR, Illum H, Dowell J. Vemurafenib:
targeted inhibition of mutated BRAF for treatment of
advanced melanoma and its potential in other malignancies.
Drugs. 2012; 72: 2207-2222.

5. Aplin AE, Kaplan FM, Shao Y. Mechanisms of resistance
to RAF inhibitors in melanoma. J Invest Dermatol. 2011;
131: 1817-1820.

6. Laquerre S, Arnone M, Moss K, Yang J, Fisher K, Kane-
Carson LS, Smitheman K, Ward J, Heidrich B, Rheault T,
Adjabeng G, Hornberger K, Stellwagen J et al. Abstract
B88: A selective Raf kinase inhibitor induces cell death
and tumor regression of human cancer cell lines encoding
B-RafV600E mutation. Molecular Cancer Therapeutics.
2009; 8(12 Supplement): BS8S.

7. Gilmartin AG, Bleam MR, Groy A, Moss KG, Minthorn
EA, Kulkarni SG, Rominger CM, Erskine S, Fisher
KE, Yang J, Zappacosta F, Annan R, Sutton D et al.
GSK1120212 (JTP-74057) is an inhibitor of MEK activity
and activation with favorable pharmacokinetic properties

www.impactjournals.com/oncotarget

16502

Oncotarget



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

for sustained in vivo pathway inhibition. Clin Cancer Res.
2011; 17: 989-1000.

Hoeflich KP, Merchant M, Orr C, Chan J, Den Otter D,
Berry L, Kasman [, Koeppen H, Rice K, Yang NY, Engst S,
Johnston S, Friedman LS et al. Intermittent administration
of MEK inhibitor GDC-0973 plus PI3K inhibitor GDC-
0941 triggers robust apoptosis and tumor growth inhibition.
Cancer Res. 2012; 72: 210-219.

Keler T, Halk E, Vitale L, O’Neill T, Blanset D, Lee S,
Srinivasan M, Graziano RF, Davis T, Lonberg N, Korman
A. Activity and safety of CTLA-4 blockade combined with
vaccines in cynomolgus macaques. J Immunol. 2003; 171:
6251-6259.

Poole RM. Pembrolizumab: first global approval. Drugs.
2014; 74: 1973-1981.

Wang C, Thudium KB, Han M, Wang XT, Huang H,
Feingersh D, Garcia C, Wu Y, Kuhne M, Srinivasan M,
Singh S, Wong S, Garner N et al. /n vitro characterization
of the anti-PD-1 antibody nivolumab, BMS-936558, and in
vivo toxicology in non-human primates. Cancer Immunol
Res. 2014; 2: 846-856.

Karimkhani C, Gonzalez R, Dellavalle RP. A review of
novel therapies for melanoma. Am J Clin Dermatol. 2014;
15:323-337.

Berman D, Korman A, Peck R, Feltquate D, Lonberg
N, Canetta R. The development of immunomodulatory
monoclonal antibodies as a new therapeutic modality for
cancer: The Bristol-Myers Squibb experience. Pharmacol
Ther. 2015; 148C132-153.

Weiss J, Schwechheimer K, Cavenee WK, Herlyn M, Arden
KC. Mutation and expression of the p53 gene in malignant
melanoma cell lines. Int J Cancer. 1993; 54: 693-699.

Florenes VA, Oyjord T, Holm R, Skrede M, Borresen AL,
Nesland JM, Fodstad O. TP53 allele loss, mutations and
expression in malignant melanoma. Br J Cancer. 1994; 69:
253-259.

Zerp SF, van Elsas A, Peltenburg LT, Schrier PI. p53
mutations in human cutaneous melanoma correlate with sun
exposure but are not always involved in melanomagenesis.
Br J Cancer. 1999; 79: 921-926.

Volkenandt M, Schlegel U, Nanus DM, Albino AP.
Mutational analysis of the human p53 gene in malignant
melanoma. Pigment Cell Res. 1991; 4: 35-40.

Parmar J, Marshall ES, Charters GA, Holdaway KM,
Shelling AN, Baguley BC. Radiation-induced cell cycle
delays and p53 status of early passage melanoma cell lines.
Oncol Res. 2000; 12: 149-155.

Polsky D, Bastian BC, Hazan C, Melzer K, Pack J,
Houghton A, Busam K, Cordon-Cardo C, Osman I. HDM2
protein overexpression, but not gene amplification, is
related to tumorigenesis of cutaneous melanoma. Cancer
Res. 2001; 61: 7642-7646.

Gembarska A, Luciani F, Fedele C, Russell EA, Dewaele
M, Villar S, Zwolinska A, Haupt S, de Lange J, Yip D,

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Goydos J, Haigh JJ, Haupt Y et al. MDM4 is a key
therapeutic target in cutaneous melanoma. Nat Med. 2012;
18: 1239-1247.

Lu M, Breyssens H, Salter V, Zhong S, Hu Y, Baer C,
Ratnayaka I, Sullivan A, Brown NR, Endicott J, Knapp S,
Kessler BM, Middleton MR et al. Restoring p53 function in
human melanoma cells by inhibiting MDM2 and cyclin B1/
CDK1-phosphorylated nuclear iASPP. Cancer Cell. 2013;
23: 618-633.

Khoo KH, Verma CS, Lane DP. Drugging the p53 pathway:
understanding the route to clinical efficacy. Nat Rev Drug
Discov. 2014; 13: 217-236.

Vassilev LT, Vu BT, Graves B, Carvajal D, Podlaski F,
Filipovic Z, Kong N, Kammlott U, Lukacs C, Klein C,
Fotouhi N, Liu EA. In vivo activation of the p53 pathway
by small-molecule antagonists of MDM2. Science. 2004;
303: 844-848.

Ray-Coquard I, Blay JY, Italiano A, Le Cesne A, Penel
N, Zhi J, Heil F, Rueger R, Graves B, Ding M, Geho D,
Middleton SA, Vassilev LT et al. Effect of the MDM?2
antagonist RG7112 on the P53 pathway in patients with
MDM2-amplified, well-differentiated or dedifferentiated
liposarcoma: an exploratory proof-of-mechanism study.
Lancet Oncol. 2012; 13: 1133-1140.

Vu B, Wovkulich P, Pizzolato G, Lovey A, Ding Q, Jiang
N, Liu JJ, Zhao C, Glenn K, Wen Y, Tovar C, Packman K,
Vassilev L et al. Discovery of RG7112: A Small-Molecule
MDM2 Inhibitor in Clinical Development. ACS Med Chem
Lett. 2013; 4: 466-469.

Cheok CF, Dey A, Lane DP. Cyclin-dependent kinase
inhibitors sensitize tumor cells to nutlin-induced apoptosis:
a potent drug combination. Mol Cancer Res. 2007; 5: 1133-
1145.

Cheok CF, Kua N, Kaldis P, Lane DP. Combination of
nutlin-3 and VX-680 selectively targets p53 mutant cells
with reversible effects on cells expressing wild-type p53.
Cell Death Differ. 2010; 17: 1486-1500.

van Leeuwen IM, Rao B, Sachweh MC, Lain S.
An evaluation of small-molecule p53 activators as
chemoprotectants ameliorating adverse effects of anti-
cancer drugs in normal cells. Cell Cycle. 2012; 11.

Lee S, Kim SM, Lee RT. Thioredoxin and thioredoxin
target proteins: from molecular mechanisms to functional
significance. Antioxid Redox Signal. 2013; 18: 1165-1207.

Nordberg J, Arner ES. Reactive oxygen species,
antioxidants, and the mammalian thioredoxin system. Free
Radic Biol Med. 2001; 31: 1287-1312.

Arner ES, Holmgren A. Physiological functions of
thioredoxin and thioredoxin reductase. Eur J Biochem.
2000; 267: 6102-6109.

Prast-Nielsen S, Dexheimer TS, Schultz L, Stafford
WC, Cheng Q, Xu J, Jadhav A, Arner ES, Simeonov A.
Inhibition of thioredoxin reductase 1 by porphyrins and
other small molecules identified by a high-throughput

WWW

.impactjournals.com/oncotarget

16503

Oncotarget



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

screening assay. Free Radic Biol Med. 2011; 50: 1114-
1123.

Hedstrom E, Eriksson S, Zawacka-Pankau J, Arner
ES, Selivanova G. p53-dependent inhibition of TrxR1
contributes to the tumor-specific induction of apoptosis by
RITA. Cell Cycle. 2009; 8: 3584-3591.

Peng X, Zhang MQ, Conserva F, Hosny G, Selivanova G,
Bykov VJ, Arner ES, Wiman KG. APR-246/PRIMA-IMET
inhibits thioredoxin reductase 1 and converts the enzyme to
a dedicated NADPH oxidase. Cell Death Dis. 2013; 4e881.

Lu J, Holmgren A. Thioredoxin system in cell death
progression. Antioxid Redox Signal. 2012; 17: 1738-1747.
Zhong L, Arner ES, Holmgren A. Structure and mechanism
of mammalian thioredoxin reductase: the active site is a
redox-active selenolthiol/selenenylsulfide formed from
the conserved cysteine-selenocysteine sequence. Proc Natl
Acad Sci U S A. 2000; 97: 5854-5859.

Sandalova T, Zhong L, Lindqvist Y, Holmgren A, Schneider
G. Three-dimensional structure of a mammalian thioredoxin
reductase: implications for mechanism and evolution of a
selenocysteine-dependent enzyme. Proc Natl Acad Sci U S
A.2001; 98: 9533-9538.

Arscott LD, Gromer S, Schirmer RH, Becker K, Williams
CH, Jr. The mechanism of thioredoxin reductase from
human placenta is similar to the mechanisms of lipoamide
dehydrogenase and glutathione reductase and is distinct
from the mechanism of thioredoxin reductase from
Escherichia coli. Proc Natl Acad Sci U S A. 1997; 94:
3621-3626.

Cenas N, Nivinskas H, Anusevicius Z, Sarlauskas J, Lederer
F, Arner ES. Interactions of quinones with thioredoxin
reductase: a challenge to the antioxidant role of the
mammalian selenoprotein. J Biol Chem. 2004; 279: 2583-
2592.

Becker K, Gromer S, Schirmer RH, Muller S. Thioredoxin
reductase as a pathophysiological factor and drug target.
Eur J Biochem. 2000; 267: 6118-6125.

Powis G, Mustacich D, Coon A. The role of the redox
protein thioredoxin in cell growth and cancer. Free Radic
Biol Med. 2000; 29: 312-322.

Urig S, Becker K. On the potential of thioredoxin reductase
inhibitors for cancer therapy. Semin Cancer Biol. 2006; 16:
452-465.

Rigobello MP, Scutari G, Boscolo R, Bindoli A. Induction
of mitochondrial permeability transition by auranofin, a
gold(I)-phosphine derivative. Br J Pharmacol. 2002; 136:
1162-1168.

Rigobello MP, Messori L, Marcon G, Agostina Cinellu
M, Bragadin M, Folda A, Scutari G, Bindoli A. Gold
complexes inhibit mitochondrial thioredoxin reductase:
consequences on mitochondrial functions. J Inorg Biochem.
2004; 98: 1634-1641.

Rigobello MP, Scutari G, Folda A, Bindoli A. Mitochondrial
thioredoxin reductase inhibition by gold(I) compounds and

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

concurrent stimulation of permeability transition and release
of cytochrome c¢. Biochem Pharmacol. 2004; 67: 689-696.

Marzano C, Gandin V, Folda A, Scutari G, Bindoli A,
Rigobello MP. Inhibition of thioredoxin reductase by
auranofin induces apoptosis in cisplatin-resistant human
ovarian cancer cells. Free Radic Biol Med. 2007; 42: 872-
881.

Gandin V, Fernandes AP, Rigobello MP, Dani B, Sorrentino
F, Tisato F, Bjornstedt M, Bindoli A, Sturaro A, Rella R,
Marzano C. Cancer cell death induced by phosphine gold(I)
compounds targeting thioredoxin reductase. Biochem
Pharmacol. 2010; 79: 90-101.

Cox AG, Brown KK, Arner ES, Hampton MB. The
thioredoxin reductase inhibitor auranofin triggers apoptosis
through a Bax/Bak-dependent process that involves
peroxiredoxin 3 oxidation. Biochem Pharmacol. 2008; 76:
1097-1109.

Brown KK, Cox AG, Hampton MB. Mitochondrial
respiratory chain involvement in peroxiredoxin 3 oxidation
by phenethyl isothiocyanate and auranofin. FEBS Lett.
2010; 584: 1257-1262.

Gromer S, Arscott LD, Williams CH, Jr., Schirmer RH,
Becker K. Human placenta thioredoxin reductase. Isolation
of the selenoenzyme, steady state kinetics, and inhibition
by therapeutic gold compounds. J Biol Chem. 1998; 273:
20096-20101.

Lu X, Burbidge SA, Griffin S, Smith HM. Discordance

between accumulated pS53 protein level and its
transcriptional activity in response to u.v. radiation.
Oncogene. 1996; 13: 413-418.

Rogakou EP, Pilch DR, Orr AH, Ivanova VS, Bonner
WM. DNA double-stranded breaks induce histone H2AX
phosphorylation on serine 139. J Biol Chem. 1998; 273:

5858-5868.

Mukherjee B, Kessinger C, Kobayashi J, Chen BP, Chen
DJ, Chatterjee A, Burma S. DNA-PK phosphorylates
histone H2AX during apoptotic DNA fragmentation in
mammalian cells. DNA Repair (Amst). 2006; 5: 575-590.
Eskandarpour M, Kiaii S, Zhu C, Castro J, Sakko AlJ,
Hansson J. Suppression of oncogenic NRAS by RNA
interference induces apoptosis of human melanoma cells.
Int J Cancer. 2005; 115: 65-73.

Yun J, Rago C, Cheong I, Pagliarini R, Angenendt P,
Rajagopalan H, Schmidt K, Willson JK, Markowitz S,
Zhou S, Diaz LA, Jr., Velculescu VE, Lengauer C et al.
Glucose deprivation contributes to the development of
KRAS pathway mutations in tumor cells. Science. 2009;
325:1555-1559.

Preto A, Figueiredo J, Velho S, Ribeiro AS, Soares
P, Oliveira C, Seruca R. BRAF provides proliferation
and survival signals in MSI colorectal carcinoma cells
displaying BRAF(V600E) but not KRAS mutations. J
Pathol. 2008; 214: 320-327.

Hoeflich KP, Gray DC, Eby MT, Tien JY, Wong L, Bower

WWW

.impactjournals.com/oncotarget

16504

Oncotarget



58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

J, Gogineni A, Zha J, Cole MJ, Stern HM, Murray LJ, Davis
DP, Seshagiri S. Oncogenic BRAF is required for tumor
growth and maintenance in melanoma models. Cancer Res.
2006; 66: 999-1006.

Sala E, Mologni L, Truffa S, Gaetano C, Bollag GE,
Gambacorti-Passerini C. BRAF silencing by short hairpin
RNA or chemical blockade by PLX4032 leads to different
responses in melanoma and thyroid carcinoma cells. Mol
Cancer Res. 2008; 6: 751-759.

Locy ML, Rogers LK, Prigge JR, Schmidt EE, Arner ES,
Tipple TE. Thioredoxin reductase inhibition elicits Nrf2-
mediated responses in Clara cells: implications for oxidant-
induced lung injury. Antioxid Redox Signal. 2012; 17:
1407-1416.

Leist M, Raab B, Maurer S, Rosick U, Brigelius-Flohe R.
Conventional cell culture media do not adequately supply
cells with antioxidants and thus facilitate peroxide-induced
genotoxicity. Free Radic Biol Med. 1996; 21: 297-306.

Shelton P, Jaiswal AK. The transcription factor NF-E2-
related factor 2 (Nrf2): a protooncogene? FASEB J. 2013;
27: 414-423.

Marinho HS, Real C, Cyrne L, Soares H, Antunes F.
Hydrogen peroxide sensing, signaling and regulation of
transcription factors. Redox Biol. 2014; 2535-562.

Griffith OW, Meister A. Potent and specific inhibition of
glutathione synthesis by buthionine sulfoximine (S-n-butyl
homocysteine sulfoximine). J Biol Chem. 1979; 254: 7558-
7560.

Harris IS, Treloar AE, Inoue S, Sasaki M, Gorrini C, Lee
KC, Yung KY, Brenner D, Knobbe-Thomsen CB, Cox
MA, Elia A, Berger T, Cescon DW et al. Glutathione and
thioredoxin antioxidant pathways synergize to drive cancer
initiation and progression. Cancer Cell. 2015; 27: 211-222.
Tutic M, Lu XA, Schirmer RH, Werner D. Cloning and
sequencing of mammalian glutathione reductase cDNA.
Eur J Biochem. 1990; 188: 523-528.

Zhong L, Arner ES, Ljung J, Aslund F, Holmgren A.
Rat and calf thioredoxin reductase are homologous to
glutathione reductase with a carboxyl-terminal elongation
containing a conserved catalytically active penultimate
selenocysteine residue. J Biol Chem. 1998; 273: 8581-8591.

Anestal K, Arner ES. Rapid induction of cell death by
selenium-compromised thioredoxin reductase 1 but not by
the fully active enzyme containing selenocysteine. J Biol
Chem. 2003; 278: 15966-15972.

Anestal K, Prast-Nielsen S, Cenas N, Arner ES. Cell death
by SecTRAPs: thioredoxin reductase as a prooxidant killer
of cells. PLoS One. 2008; 3: ¢1846.

Gabbiani C, Mastrobuoni G, Sorrentino F, Dani B,
Rigobello MP, Bindoli A, Cinellu MA, Pieraccini G,
Messori L, Casini A. Thioredoxin reductase, an emerging
target for anticancer metallodrugs. Enzyme inhibition by
cytotoxic gold(iii) compounds studied with combined mass
spectrometry and biochemical assays. MedChemComm.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

2011; 2: 50-54.

Prast-Nielsen S, Cebula M, Pader I, Arner ES. Noble metal
targeting of thioredoxin reductase--covalent complexes
with thioredoxin and thioredoxin-related protein of 14 kDa
triggered by cisplatin. Free Radic Biol Med. 2010; 49(:
1765-1778.

Shoemaker RH. The NCI60 human tumour cell line
anticancer drug screen. Nat Rev Cancer. 2006; 6: 813-823.

Arner ES, Bjornstedt M, Holmgren A. 1-Chloro-2,4-
dinitrobenzene is an irreversible inhibitor of human
thioredoxin reductase. Loss of thioredoxin disulfide
reductase activity is accompanied by a large increase in
NADPH oxidase activity. J Biol Chem. 1995; 270: 3479-
3482.

Nordberg J, Zhong L, Holmgren A, Arner ES. Mammalian
thioredoxin reductase is irreversibly inhibited by
dinitrohalobenzenes by alkylation of both the redox active
selenocysteine and its neighboring cysteine residue. J Biol
Chem. 1998; 273: 10835-10842.

Fang J, Lu J, Holmgren A. Thioredoxin reductase is
irreversibly modified by curcumin: a novel molecular
mechanism for its anticancer activity. J Biol Chem. 2005;
280: 25284-25290.

Sugiyama T, Michel T. Thiol-metabolizing proteins and
endothelial redox state: differential modulation of eNOS
and biopterin pathways. Am J Physiol Heart Circ Physiol.
2010; 298: H194-201.

Verhaegen M, Bauer JA, Martin de la Vega C, Wang G,
Wolter KG, Brenner JC, Nikolovska-Coleska Z, Bengtson
A, Nair R, Elder JT, Van Brocklin M, Carey TE, Bradford
CR et al. A novel BH3 mimetic reveals a mitogen-activated
protein kinase-dependent mechanism of melanoma cell
death controlled by p53 and reactive oxygen species.
Cancer Res. 2006; 66: 11348-11359.

Moos PJ, Edes K, Cassidy P, Massuda E, Fitzpatrick FA.
Electrophilic prostaglandins and lipid aldehydes repress
redox-sensitive transcription factors p53 and hypoxia-
inducible factor by impairing the selenoprotein thioredoxin
reductase. J Biol Chem. 2003; 278: 745-750.

Casini A, Messori L. Molecular mechanisms and proposed
targets for selected anticancer gold compounds. Curr Top
Med Chem. 2011; 11: 2647-2660.

Rigobello MP, Folda A, Baldoin MC, Scutari G, Bindoli
A. Effect of auranofin on the mitochondrial generation of
hydrogen peroxide. Role of thioredoxin reductase. Free
Radic Res. 2005; 39: 687-695.

Weilbacher A, Gutekunst M, Oren M, Aulitzky WE, van der
Kuip H. RITA can induce cell death in p53-defective cells
independently of p53 function via activation of INK/SAPK
and p38. Cell Death Dis. 2014; 5¢1318.

DeNicola GM, Karreth FA, Humpton TJ, Gopinathan A,
Wei C, Frese K, Mangal D, Yu KH, Yeo CJ, Calhoun
ES, Scrimieri F, Winter JM, Hruban RH et al. Oncogene-
induced Nrf2 transcription promotes ROS detoxification

WWW

.impactjournals.com/oncotarget

16505

Oncotarget



82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

and tumorigenesis. Nature. 2011; 475: 106-109.

Park SJ, Kim IS. The role of p38 MAPK activation in
auranofin-induced apoptosis of human promyelocytic
leukaemia HL-60 cells. Br J Pharmacol. 2005; 146: 506-
513.

Das Thakur M, Salangsang F, Landman AS, Sellers WR,
Pryer NK, Levesque MP, Dummer R, McMahon M, Stuart
DD. Modelling vemurafenib resistance in melanoma reveals
a strategy to forestall drug resistance. Nature. 2013; 494:
251-255.

Corazao-Rozas P, Guerreschi P, Jendoubi M, Andre F,
Jonneaux A, Scalbert C, Garcon G, Malet-Martino M,
Balayssac S, Rocchi S, Savina A, Formstecher P, Mortier
L et al. Mitochondrial oxidative stress is the Achille’s
heel of melanoma cells resistant to Braf-mutant inhibitor.
Oncotarget. 2013; 4: 1986-1998.

Jackson B, Brocker C, Thompson DC, Black W, Vasiliou
K, Nebert DW, Vasiliou V. Update on the aldehyde
dehydrogenase gene (ALDH) superfamily. Hum Genomics.
2011; 5: 283-303.

Boonyaratanakornkit JB, Yue L, Strachan LR, Scalapino
KJ, LeBoit PE, Lu Y, Leong SP, Smith JE, Ghadially R.
Selection of tumorigenic melanoma cells using ALDH. J
Invest Dermatol. 2010; 130: 2799-2808.

Luo Y, Dallaglio K, Chen Y, Robinson WA, Robinson SE,
McCarter MD, Wang J, Gonzalez R, Thompson DC, Norris
DA, Roop DR, Vasiliou V, Fujita M. ALDH1A isozymes
are markers of human melanoma stem cells and potential
therapeutic targets. Stem Cells. 2012; 30: 2100-2113.

Lam JP, Mays DC, Lipsky JJ. Inhibition of recombinant
human  mitochondrial and  cytosolic  aldehyde
dehydrogenases by two candidates for the active metabolites
of disulfiram. Biochemistry. 1997; 36: 13748-13754.

Ellis PM, Dronsfield AT. Antabuse’s diamond anniversary:
still sparkling on? Drug Alcohol Rev. 2013; 32: 342-344.
Blaydes JP, Hupp TR. DNA damage triggers DRB-resistant
phosphorylation of human p53 at the CK2 site. Oncogene.
1998; 17: 1045-1052.

Sur S, Pagliarini R, Bunz F, Rago C, Diaz LA, Jr., Kinzler
KW, Vogelstein B, Papadopoulos N. A panel of isogenic
human cancer cells suggests a therapeutic approach for
cancers with inactivated p53. Proc Natl Acad Sci U S A.
2009; 106: 3964-3969.

Bunz F, Dutriaux A, Lengauer C, Waldman T, Zhou
S, Brown JP, Sedivy JM, Kinzler KW, Vogelstein B.
Requirement for p53 and p21 to sustain G2 arrest after
DNA damage. Science. 1998; 282: 1497-1501.

Aoubala M, Murray-Zmijewski F, Khoury MP, Fernandes
K, Perrier S, Bernard H, Prats AC, Lane DP, Bourdon JC.
p53 directly transactivates Deltal33p53alpha, regulating
cell fate outcome in response to DNA damage. Cell Death
Differ. 2011; 18: 248-258.

Berkson RG, Hollick JJ, Westwood NJ, Woods JA, Lane
DP, Lain S. Pilot screening programme for small molecule

95.

96.

97.

98.

99.

100.

101.

102.

103.

activators of p53. Int J Cancer. 2005; 115: 701-710.

van Leeuwen IM, Higgins M, Campbell J, Brown CJ,
McCarthy AR, Pirrie L, Westwood NJ, Lain S. Mechanism-
specific signatures for small-molecule p53 activators. Cell
Cycle. 2011; 10: 1590-1598.

Rossner M, Yamada KM. What’s in a picture? The
temptation of image manipulation. J Cell Biol. 2004; 166:
11-15.

Fredersdorf S, Milne AW, Hall PA, Lu X. Characterization
of a panel of novel anti-p21Wafl/Cipl monoclonal
antibodies and immunochemical analysis of p21Waf1/Cipl
expression in normal human tissues. Am J Pathol. 1996;
148: 825-835.

Vojtesek B, Bartek J, Midgley CA, Lane DP. An
immunochemical analysis of the human nuclear
phosphoprotein p53. New monoclonal antibodies and
epitope mapping using recombinant p53. J Immunol
Methods. 1992; 151: 237-244.

Skehan P, Storeng R, Scudiero D, Monks A, McMahon J,
Vistica D, Warren JT, Bokesch H, Kenney S, Boyd MR.
New colorimetric cytotoxicity assay for anticancer-drug
screening. J Natl Cancer Inst. 1990; 82: 1107-1112.

Zang H, Breydo L, Mitra K, Dannaldson J, Gates KS. DNA
alkylation by leinamycin can be triggered by cyanide and
phosphines. Bioorg Med Chem Lett. 2001; 11: 1511-1515.

Arner ES, Holmgren A. Measurement of thioredoxin and
thioredoxin reductase. Curr Protoc Toxicol. 2001; Chapter
7Unit 7 4.

Arner ES, Sarioglu H, Lottspeich F, Holmgren A, Bock A.
High-level expression in Escherichia coli of selenocysteine-
containing rat thioredoxin reductase utilizing gene fusions
with engineered bacterial-type SECIS elements and co-
expression with the selA, selB and selC genes. J] Mol Biol.
1999; 292: 1003-1016.

Eriksson SE, Prast-Nielsen S, Flaberg E, Szekely L, Arner
ES. High levels of thioredoxin reductase 1 modulate drug-
specific cytotoxic efficacy. Free Radic Biol Med. 2009; 47:
1661-1671.

WWW

.impactjournals.com/oncotarget

16506

Oncotarget



