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Abstract

Auranofin is a gold (I)-containing compound used for the treatment of rheumatic arthritis.
Auranofin has anticancer activity in animal models and is approved for clinical trials for lung
and ovarian carcinomas. Both the cytosolic and mitochondrial forms of the selenoprotein
thioredoxin reductase (TrxR) are well documented targets of auranofin. Auranofin was
recently reported to inhibit proteasome activity at the level of the proteasome-associated
deubiquitinases (DUBs) UCHLS and USP14. We here set out to re-examine the molecular
mechanism underlying auranofin cytotoxicity towards cultured cancer cells. The effects of
auranofin on the proteasome was examined in cells and in vitro, effects on DUB activity was
assessed using different substrates. The cellular response to auranofin was compared to that of
the 20S proteasome inhibitor bortezomib and the 19S DUB inhibitor b-AP15 using
proteomics. Auranofin was found to inhibit mitochondrial activity and to induce oxidative
stress response at IC,, doses. At 2 - 3-fold higher doses, auranofin inhibits proteasome
processing in cells. At such supra-pharmacological concentrations USP14 activity was
inhibited. Analysis of protein expression profiles in drug-exposed tumor cells showed that
auranofin induces a response distinct from that of the 20S proteasome inhibitor bortezomib
and the DUB inhibitor b-AP15, both of which induced similar responses. Our results support
the notion that the primary mechanism of action of auranofin is TrxR inhibition and suggest
that proteasome DUB inhibition is an off-target effect. Whether proteasome inhibition will
contribute to the antineoplastic effect of auranofin in treated patients is unclear but remains a

possibility.
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1. Introduction

Cellular reduction-oxidation (redox) systems are indispensable for life and affect many
aspects of biological functions in mammalian cells [1]. In cancer cells, elevated levels of ROS
are frequently observed and have pivotal roles in the acquisition of the hallmarks of cancer
[2], enhancing tumor cell proliferation, metastasis and disruption of cell death signaling [3].
Simultaneously, protective redox systems are accordingly upregulated in cancer cells, often
through activation of the transcription factor Nrf2, to prevent the damages of excessive ROS

and to maintain the redox balance [4, 5].

Auranofin (AUF) is a gold (I)-containing phosphine compound that is approved by FDA for
treatment of rheumatoid arthritis [6]. Auranofin targets thioredoxin reductase (TrxR), both the
cytosolic form TrxR1 and the mitochondrial form TrxR2 [7, 8]. TrxR isoforms are
selenoproteins with an easily accessible and highly nucleophilic active site selenocysteine
residue, which make them especially prone to irreversible inhibition by auranofin [9, 10].
Auranofin-induced cell death of cancer cells is associated with excessive levels of oxidative
stress and impaired reductive pathways in both cytosol and mitochondria [7, 11, 12].
Auranofin shows cytotoxicity to human chronic leukemia and gastric cancer cells which is
associated with mitochondrial dysfunction and ROS overproduction [13, 14]. Clinical trials of
auranofin for ovarian cancer (NCT03456700), chronic lymphocytic leukemia (CLL,
NCT03456700) and lung cancer (NCT03456700) are ongoing or have been completed.
Furthermore, auranofin displays activities which may or may not relate to TrxR inhibition,
including the inhibition of protein tyrosine phosphatases [15], deubiquitinases [16] and

selenium metabolism [17].



The ubiquitin-proteasome system (UPS) is essential for protein quality control and stress
survival [18]. Proteins targeted for removal are first conjugated with ubiquitin and in the form
of polyubiquitinated proteins then transferred to the 26S proteasome where degradation
occurs [19]. Following binding to receptors at the 19S proteasome, polyubiquitin chains are
removed by deubiquitinase enzymes (DUBs) that are localized in the 19S regulatory particles
(19S RP). Two of these enzymes are cysteine proteases (USP14 and UCHLS5) and a third is a
metalloprotease (POH1/Rpnl11). Deubiquitinated protein substrates are then translocated into
the 20S core particle (20S CP) where the caspase, trypsin and chymotrypsin-like activities

cleave the proteins into small peptides [19, 20].

Targeting the various components of the UPS has become a promising strategy for cancer
therapies [21]. However, so far, the only drugs that have been approved for clinical use are
inhibitors of the 20S proteasome (bortezomib, carfilzomib and ixazomib) [21], approved for
hematological diseases, primarily multiple myeloma. The lack of efficacy on solid tumors has
narrowed the application of bortezomib [22], and acquired resistance constitutes a significant
clinical problem [23]. Alternative targets that may be exploited such as 19S DUB enzymes
[24, 25] and 19S ubiquitin receptors [26] have thus attracted widespread interest. The reports
that auranofin acts as a proteasome inhibitor by direct targeting of the proteasome-associated
cysteine DUBs [16, 27] are important in this context. Auranofin induces apoptosis of multiple
myeloma cells in vitro [28] and could possibly be repurposed for treatment of bortezomib-
resistant myeloma. We here examined the response of cultured cancer cells to auranofin,
aiming to determine whether the primary mechanism of cytotoxicity of this drug is related to

proteasome inhibition.



2. Materials and methods

2.1. Chemicals and antibodies

b-AP15 was obtained from OnTarget Chemistry (Uppsala, Sweden), Auranofin (Sigma-
Aldrich) and Velcade (bortezomib, Selleck Chem). Antibodies used were anti-actin (Sigma-
Aldrich catalogue number A5441), anti-tubulin (Sigma-Aldrich catalogue number T4026),
anti-Ub-K48 (Merck Millipore catalogue number 05-1307), anti-HMOX (BD Bioscience
catalogue number 610713), anti-USP14 (A300-920A), anti-UCHLS5 (A304-099A) (Bethyl
Laboratories, Inc., Montgomery, TX, USA). Anti-HA-TAG (3724T), PSMD14 (4197S),
PSMC?2 (14395S), PSMD4 (3336S), PSMA?2 (2455S) and Nrf2 (12721) were obtained from

Cell signaling technology.

2.2. Cell culture

HCT116 colon carcinoma cells were maintained in McCoy’s SA modified medium with 10%
FBS and 1% penicillin. HeLa cells, MelJuSo- Ubs-YFP cells and HEK293 cells were
cultured in DMEM medium supplemented with 10% FBS and 1% penicillin. Cell lines were

used at low passage numbers and checked for absence of mycoplasma.

2.3. Western blot analysis

Cell extract proteins were resolved by 3-8% Tris-Acetate protein gels (Invitrogen, Carlsbad,
CA) to detect polyubiquitinated proteins and 4-12% Bis-Tris protein gels to detect other
proteins mentioned in the text, then transferred onto a PVDF membrane for western blotting.

Blots were developed by enhanced chemiluminescence (Amersham, Arlington Heights, IL).

2.4. Measurements of oxygen consumption and extracellular acidification

The Seahorse XF analyser was used as recommended by the manufacturer (Seahorse
Bioscience, North Billerica, MA, USA). 60,000 cells/well were plated in 100 pL culture

medium in XF24-well cell plates with blank control wells. Before the measurements, the



medium was replaced with 500 pl Seahorse assay media (1 mM pyruvate, 25 mM glucose and
2 mM glutamine) at 37 °C without CO. for 1 h. OCR (oxygen consumption rate) and ECAR
(extracellular acidification rate) values were measured by XF24 extracellular flux analyzer in

real time as recommended by the manufacturer.

2.5. Live-cell analysis on MelJuSo- Ube~-YFP /nucleus red cells

MelJuSo- Ub“~-YFP /nucleus red cells were plated in the 96-well plate overnight and then
treated with various concentrations of auranofin (0.25,0.5, 1 and 1.5 pM) and b-AP15.
Treatment with compounds that block the UPS leads to accumulation of YFP in these cells
and the generated fluorescence was continuously detected in an IncuCyte® FLR instrument

(Essen BioScience Inc.).

2.6. Proteomics

After treatment with a drug at concentrations and durations given in the text, cells were
collected, washed twice with PBS and then lysed using 8 M urea, 1% SDS, 50 mM Tris at pH
8.5 with protease inhibitors. The cell lysates were subjected to 1 min sonication on ice using
Branson probe sonicator and 3 s on/off pulses with a 30% amplitude. Protein concentration
was then measured for each sample using a BCA Protein Assay Kit (Thermo). 50 ug of each
sample was reduced with DTT (final concentration 10 mM) for 1 h at room temperature.
Afterwards, iodoacetamide was added to a final concentration of 50 mM. The samples were
incubated in room temperature for 1 h in the dark, with the reaction being stopped by addition
of 10 mM DTT. After precipitation of proteins using methanol/chloroform, the semi-dry
protein pellet was dissolved in 25 yL of 8 M urea in 20 mM EPPS (pH 8.5) and was then
diluted with EPPS buffer to reduce the urea concentration to 4 M. Lysyl Endopeptidase
(Wako) was added at a 1: 100 w/w ratio to protein and incubated at room temperature

overnight. After diluting urea to 1 M, trypsin (Promega) was added at the ratio of 1: 100 w/w



and the samples were incubated for 6 h at room temperature. TMT 10 reagents were added 4x
by weight to each sample, followed by incubation for 2 h at room temperature. The reaction
was quenched by addition of 0.5% hydroxylamine. Samples were combined, acidified by
TFA, cleaned using Sep-Pak (Waters) and dried using a DNA 120 SpeedVac™ concentrator
(Thermo). Samples were then resuspended in 0.1% TFA and separated into 8 fractions using
High pH Reversed-Phase Peptide Fractionation Kit (Thermo). After resuspension in 0.1% FA
(Fluka), each fraction was analyzed with a 140 min gradient in random order. Samples in
were loaded with buffer A (0.1% formic acid in water) onto a 50 cm EASY-Spray column (75
um internal diameter, packed with PepMap C18, 2 ym beads, 100 A pore size) connected to a
nanoflow liquid chromatograph Dionex UltiMate 3000 (Thermo) and eluted with a buffer B
(98% ACN, 0.1% FA, 2% H20) gradient from 2% to 35% of at a flow rate of 250 nL/min.
Mass spectra were acquired with an Orbitrap Elite mass spectrometer (Thermo) in the data-
dependent mode at a nominal resolution of 30,000, in the m/z range from 375 to 1200.
Peptide fragmentation was performed via higher-energy collision dissociation (HCD) with

energy set at 35 NCE.

The raw data from LC-MS were analyzed by MaxQuant, version 1.5.6.5 [29]. The
Andromeda search engine [30] searched MS/MS data against the International Protein Index
(human, version UP000005640_9606, 92957 entries). Cysteine carbamidomethylation was
used as a fixed modification, while methionine oxidation was selected as a variable
modification. Trypsin/P and LysC/P were selected as enzyme specificity. No more than two
missed cleavages were allowed. A 1% false discovery rate was used as a filter at both protein
and peptide levels. For all other parameters, the default settings were used. After removing all
the contaminants, only proteins with at least two peptides were included in the final dataset.

Protein abundances were normalized by the total protein abundance in each sample.



2.7.Ub-VS labeling assay
Cell pellets collected from control or treated cells were lysed with buffer (50 mM HEPES pH

74,250 mM sucrose, 10 mM MgCl,, 2mM ATP, 1 mM DTT and 1% NP-40) on ice for
30 min followed by centrifugation. Supernatants were collected and 25 pg of protein was
labeled with 1 pM Ub-VS for 30 min at 37 °C. Samples were resolved by SDS-PAGE and

subjected to immunoblotting.

2.8.20S proteasome activity

In vitro proteasome activity assays were performed using 20S core particle (2 nM, from
human cells, Boston Biochem) in reaction buffer (25 mM HEPES, 0.5 mM EDTA and 0.03%
sodium dodecyl sulfate). 10 uM of the substrate Suc-LLVY-AMC was added for the detection
of chymotrypsin-like activity using a multilabel counter equipped with 380-nm excitation and

460-nm emission filters.

2.9. Purification of proteasomes from HEK?293 cells

Proteaselect-HEK293_Bio-Rpnl1 cells (Ubiquigent Ltd, Dundee, Scotland) were treated with
auranofin or b-AP15 for 6 hours, harvested and lysed in UbVS lysis buffer containing 2 mM
ATP. After 20 min incubation, extracts were cleared by centrifugation at 10,000g for 10 min
at 4 °C. Protein concentration was adjusted to 1 mg/mL and 1 mL was used for purification.
Streptavidin magnetic beads (88816, Thermo Scientific, USA) as described by the vendor.
Proteins were eluted by boiling for 5 mins at 95°C in SDS sample buffer, resolved by SDS—

PAGE and subjected to immunoblotting.
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2.10. Statistical analysis

Statistical significance was evaluated by Students two-tailed paired t-test (parametric), or
Mann-Whitney U-test (non-parametric). Protein expression data were compared using

Spearman correlation coefficients.

3. Results

3.1. Auranofin induces an oxidative stress response and mitochondrial
dysfunction

Auranofin is a gold(I) phosphine compound (Fig. 1a) displaying a high affinity to the
selenocysteine- (Sec-) containing redox active center Cys-495/SeCys-496 of thioredoxin
reductase (TrxR) that is required for thioredoxin reduction by the enzyme. Exposure of cells
to auranofin thereby indirectly targets the entire thioredoxin system (Fig. 1b). The IC,
concentration for auranofin in human HCT116 colon cancer cells is ~1.5 uM [12]. At this
concentration, auranofin induced some accumulation of poly-ubiquitinated proteins within 6
hours of incubation (Fig. 1¢), consistent with previous reports [16, 27]. The extent of poly-
ubiquitinated protein accumulation was, however, much weaker compared to the effects of the
20S proteasome inhibitor bortezomib and the 19S DUB inhibitor b-AP15 (Fig. 1¢) and was
not observed in all experiments (see below). In contrast, strong induction of the expression of
hemeoxygenase-1 (HMOX), a target of Nrf-2 and a marker of oxidative stress [31], was
observed at this concentration of auranofin (Fig. 1¢). Mitochondrial oxidative
phosphorylation is impeded by auranofin [12, 32], an effect commonly attributed to the
inhibition of the mitochondrial isoform TrxR2 [7]. We here found that cellular oxygen

consumption was also severely impeded in HCT116 cells at a concentration of 1 uM
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auranofin(Fig. 1d). The decrease in oxygen consumption was associated with increased
extracellular acidification, compatible with mitochondrial dysfunction and anaerobic

glycolysis (Fig. 1e).

3.2. Auranofin induces a phenotypic response distinct from proteasome
inhibitors

Expression profiling, either at the RNA or protein level, is a useful approach for the
evaluation of the molecular mechanism of action of pharmacological agents [33, 34]. We used
shotgun proteomics to examine the response of HCT116 cells to 1.0 uM auranofin (Fig. 2a), a
concentration sufficient to inhibit mitochondrial oxidative phosphorylation. Cells were
exposed for 6 hours in order to capture early effects of drug treatment. The strongest
auranofin-induced proteins were SFXN4 (sideroflexin 4, a protein involved in iron utilization
in mitochondria), ALSL1 (acetolactate synthase) and HMOX. The expression profile of
auranofin-exposed cells did not show any significant correlation to that of cells exposed to
20S inhibitor bortezomib or to the 19S DUB inhibitor b-AP15 (Fig. 2a). In contrast, the
expression profiles induced by b-AP15 and bortezomib were significantly correlated (y =

0.7077x+0.094, R: =0.86849; p < 0.00001).

Exposure of HCT116 cells to bortezomib or b-AP15 resulted in cells becoming highly
vacuolized after 12 hours, a phenomenon not observed during exposure to 1.0 uM auranofin
(Fig. 2b). We also examined the accumulation of a proteasome-targeted fusion protein,
Ubo*-YFP [35] in living melanoma cells using an IncuCyte® instrument. This protein is
intrinsically unstable due to constitutive degradation by the proteasome and impairment of the
UPS leads to an increased fluorescent signal. The effect of auranofin on the proliferation of
human MelJuSo- Ub“*-YFP cells shown in Fig. 2c. We examined the connection between the

cell death and the induction of YFP signals in auranofin- or b-AP15 treated
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MelJuSo- Ub“~-YFP cells. Treatment with auranofin at a concentration of 1.0 uM resulted in
the death of 33 cells during the observation period. Of these, 17 cells became YFP-positive
whereas 16 cells did not show YFP fluorescence prior to cell death (Fig. 2d). In contrast, all
35 cells that died following exposure to 1.0 uM b-AP15 became YFP positive prior to cell
death (Fig. 2d). These findings show that auranofin-induced cell death is not strictly
correlated with proteasome inhibition, in contrast to the strong association between cell death

and proteasome inhibition observed with b-AP15.

3.3. Increases of polyubiquitinated proteins at elevated auranofin concentrations
We considered the possibility that supra-pharmacological concentrations of auranofin may
have more profound effects on proteasome function. We indeed found that exposure of
HCT116 cells to auranofin concentrations of > 2.5 uM resulted in strong accumulation of
K48-linked polyubiquitinated proteins (Fig. 3a). Auranofin was found to induce increased
levels of chaperones at a concentration of 5 UM, whereas no such increases were observed at
1 uM (Fig. 3b). In contrast, the oxidative stress marker HMOX was induced by 0.25 uM

auranofin in HCT116 cells (Fig. 3a). These results show that the oxidative stress-response

and the effects on the UPS by auranofin can be separated.

3.4. Inhibition of USP14 by supra-pharmacological doses of auranofin

We examined different possibilities that may explain the accumulation of polyubiquitin at
high (> IC,)auranofin doses. We first considered the possibility that auranofin treatment leads
to the dissociation of proteasome subunits, a phenomenon reported to occur during oxidative
stress [36]. A cell line where the Rpn11/PSMD14 component of the 19S subunit contains a

histidine and biotin purification tag (HEK293-Bio-Rpn11) was used to examine this
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possibility [37]. The cysteine DUBs USP14 and UCHLS were both pulled-down with Rpnl1,
as was the 19S base AAA-ATPase PSMC?2 and the ubiquitin receptor PSMD4 (Fig. 4a).
Importantly, the 20S core particle protein PSMA?2 was also pulled-down, showing that
auranofin did not induce dissociation of 19S and 20S subunits (Fig. 4a). We also examined
whether proteasome 20S enzymatic activity was inhibited by auranofin. Treatment of purified
proteasomes with doses of up to 20 uM auranofin did not result in detectable inhibition (Fig.
4b). Considering previous reports [16] we further investigated whether auranofin inhibits
proteasome DUBs (USP14/UCHLYS) of the 19S regulatory particle. These experiments were
performed using cell extracts from cells exposed to auranofin for 6 hours and using the
activity-based probe HA-UbVS [38]. Whereas no inhibition of USP14 labeling was observed
at a concentration of 1.5 uM auranofin, reduced labeling was observed at 5 uM (Fig. 4c¢).

UCHLS labeling was less affected by the drug (Fig. 4¢).

The accumulation of polyubiquitinated proteins and the increased expression of chaperones
observed at 5 uM auranofin suggested that the drug may induce a cellular response
characteristic of proteasome inhibitors at this concentration. However, analysis of global
protein expression using proteomics showed that although 5 pM auranofin resulted in more
pronounced alterations in protein expression compared to 1 uM, the responses were

nevertheless distinct from those observed with b-AP15 and bortezomib (Fig. 4d, Fig. 2a).

4. Discussion

The present study was performed in order to examine whether the molecular mechanism of
cytostatic action of auranofin is similar to, or closely overlaps with, that of previously

described proteasome and deubiquitinase inhibitors. We were able to reproduce previous
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findings of inhibition of proteasome processing by auranofin [16] as evidenced by the
accumulation of K48-linked polyubiquitinated proteasome substrates in cells. However,
strong accumulation of polyubiquitinated proteasome substrates required concentrations of
2.5 to 5 uM auranofin, i.e. higher than the IC, dose inducing cytotoxicity. In contrast,
induction of the Nrf2 target HMOX and inhibition of mitochondrial oxidative
phosphorylation were observed at lower concentrations (< 1 pM) previously also reported to

lead to TrxR inhibition in HCT116 cells [12].

The phenotypic response to auranofin in terms of the profile of polypeptide expression was
clearly distinct from that of the 20S proteasome inhibitor bortezomib and the 19S proteasome
inhibitor b-AP15, both at the concentration of 1 uM and the higher concentration of 5 uM.
Therefore, even at the concentration where poly-ubiquitin accumulation does occur, auranofin
does not induce a cellular response typical of proteasome inhibition. In contrast, the profiles
of polypeptide expression observed in cells exposed to bortezomib and b-AP15 were similar
to each other and consistent with previous data using microarrays [39], supporting previous
data that proteasome inhibition constitutes the dominant molecular mechanism of action of b-
AP15 [40]. Our imaging studies using cells expressing a proteasome-degradable reporter
showed that auranofin-induced cell death was not consistently preceded by detectable
proteasome inhibition, supporting the notion that the molecular mechanism of action of

auranofin-induced cell death is not primarily due to effects on the proteasome.

Three different mechanisms may explain the accumulation of K48-linked polyubiquitinated
proteins in auranofin-treated cells: either direct targeting of components of the UPS,
inhibition of some yet unidentified TrxR-dependent process in the UPS, or indirect effects due

to induction of oxidative stress. The finding that expression of the Nrf2 target protein HMOX
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was induced at a concentration almost one order of magnitude lower than that required for
increases of K48-linked polyubiquitinated proteins (Fig. 3a) is not consistent with the
hypothesis that a general increase in oxidative stress results in inhibition of proteasome
activity. A direct link between TrxR1 targeting and HMOX induction has also been known
for a long time [41]. We were able to demonstrate that auranofin directly inhibits the activity
of the cysteine DUB USP14, consistent with previous reports [16]. This inhibition was
observed at the same supra-cytotoxic doses that resulted in a broad accumulation of
proteasome substrates. We could, however, not detect any direct inhibition of 20S proteasome
activity or dissociation of proteasome subunits, but since auranofin is a potentially reactive

drug other direct effects on the UPS should not be excluded.

4. Conclusions

We conclude that TrxR inhibition, associated with oxidative stress in cancer cells and
associated with mitochondrial dysfunction, is likely to be the dominant mechanism underlying
auranofin cytotoxicity. Proteasome inhibition occurs at relatively high concentrations of
auranofin and may be due, at least in part, to inhibition of the cysteine DUB USP14.
Auranofin is orally bioavailable [42] and its pharmacokinetic indicates a steady-state plasma
concentrations and half-life in the order of 20 days [43]. It remains to be established whether
sufficiently high auranofin concentrations can be achieved in vivo to target the UPS, but it is
well known that gold (I)-containing compounds can yield prolonged TrxR inhibition in vivo.
Since lower doses of auranofin are sufficient to inhibit TrxR and since TrxR inhibition per se
is sufficient to elicit toxicity to cancer cells and neoplastic effects in vivo [12], we find it most

likely that the molecular mode of action also in vivo is inhibition of TrxR.
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Figure legends

Fig. 1. Cellular response to auranofin. (A) Chemical structure of auranofin. (B) Schematic
representation of reaction of auranofin. In the native state, NADPH-reduced thioredoxin
reductase (TrxR) reduces thioredoxin (Trx) that in turn reduces many protein substrates
within the cell. Auranofin binds the selenocysteine of reduced TrxR, leading to inhibition of
the complete Trx system. (C) HCT116 cells were treated with 0.5% DMSO, 100 nM
Bortezomib, 1 uM b-AP15 or 1.5 uM auranofin for 12 hours and extracts were prepared and
subjected to immunoblotting using the indicated antibodies. (D) Oxygen consumption rates
(OCR) were recorded in a Seahorse XF24 analyzer after the injection of different
concentrations of auranofin (AUF). Data are shown as % of vehicle-treated control.
Mitochondrial inhibitors were added as indicated; oligomycin is an inhibitor of ATP synthase,
FCCP (carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone) is an uncoupler, rotenone is a
complex I inhibitor and antimycin A is a complex III inhibitor. Note that auranofin inhibits
both basal OCR and uncoupled respiration at 1 uM. Each data-point represents the mean of
five samples (error bars indicate means + S.D) (E) Extracellular acidification rates (ECAR)
were recorded in a Seahorse XF24 analyzer 3 h after injection of different concentrations of
auranofin. Data are shown as % of vehicle-treated control. Note that auranofin increases
ECAR at 1 uM. Shown are medians and quartiles (n = 5, *** P<0.001; Mann-Whitney; N.S.

not significant at p < 0.05).
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Fig. 2. Auranofin induces a cellular phenotypic response distinct from proteasome inhibitors.
(A) HCT116 cells were treated with 0.5% DMSO, 100 nM bortezomib, 1 uM b-AP15or 1.0
puM auranofin for 6 hours. Lysates were prepared and processed for shotgun proteomics.
Shown are fold-increases in the abundance of different proteins in drug-exposed cells relative
to vehicle-treated cells. (B) HCT116 cells were treated with 0.5% DMSO, 100 nM
Bortezomib, 1 uM b-AP15 or 1.0 uM auranofin for 12 hours and photographed under a phase
contrast microscope. (C) MelJuSo-Ub»~-YFP/nucleus red cells were treated with different
concentrations of auranofin and the signals from red nucleus were monitored and recorded in
real time for 48 hours. (D) MelJuSo-Ub-YFP cells were treated with 1 uM b-AP15 or 1.0
uM auranofin for 48 hours. Upper panel: schematic illustration of Ub*-YFP reporter
system; lower panel: cells were tracked following drug treatment and cells that died during
the 48 h observation period were identified. These dying cells were scored with regard to
having become YFP positive during drug treatment. Note that whereas b-AP15 induces cell
death that is strictly associated with cellular proteasome inhibition (all dying cells become
YFP positive, consistent with previously results [40]), about 50% cells that died during
auranofin treatment did not show YFP positivity (suggesting mechanisms of cell death

unrelated to proteasome inhibition).
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Fig. 3. Increases of polyubiquitinated proteins at supra-pharmacological auranofin doses. (A)
HCT116 cells were treated with increasing concentrations of auranofin for 6 hours and
extracts were prepared and subjected to immunoblotting using the indicated antibodies. (B)
HCT116 cells were treated with 0.5% DMSO, 1.0 uM or 5.0 uM auranofin for 6 hours then
followed by proteomic analysis. Total signals of chaperones (HSP90, HSPA1, HSPA4
HSPAS, HSPA6, HSPA7, HSPAS, HSPA13, HSPB1, HSPH1) were calculated and shown as
fold-change (treatment vs control). Data represents were from three individual samples and

was shown as minimum to maximum values (median indicated, *P<0.05, ** P<0.01).

Fig. 4. Inhibition of USP14 by supra-pharmacological doses of auranofin. (A) Auranofin does
not induce dissociation of proteasomes. HEK293-Bio-Rpnl1 cells were

exposed to the indicated concentrations of auranofin or b-AP15 and proteasomes were
purified by a biotin-tag on the 19S proteasome. Samples were processed for immunoblotting
using antibodies to 19S and 20S subunits. (B) Auranofin does not inhibit 20S proteasome
activity in vitro. Proteasomes were incubated with Suc-LLVY-AMC in the presence or
absence of the indicated concentrations of auranofin. (C) HCT116 cells were exposed to
auranofin or b-AP15 using the indicated concentrations. Cell extracts were labelled using the
activity probe ubiquitin-vinylsulfone (Ub-VS) that binds active deubiquitinases (shown to the
right). Note the inhibition of USP14 by 5 uM auranofin and 1 uM b-AP15. (D) Proteomic
analysis of the response to 100 nM bortezomib, 1 pM b-AP15 and 5 uM auranofin after

treatment of HCT116 cells for 6 hours.
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Figure 4
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