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ARTICLE INFO ABSTRACT

Keywords:
Proteomics

Anticancer drugs that target cellular antioxidant systems have recently attracted much attention. Auranofin (AF)
is currently evaluated in several clinical trials as an anticancer agent that targets the cytosolic and mitochondrial

Thioredoxin reductase forms of the selenoprotein thioredoxin reductase, TXNRD1 and TXNRD2. Recently, two novel TXNRD1 inhibitors

Ié::i:_ion (TRi-1 and TRi-2) have been developed that showed anticancer efficacy comparable to AF, but with lower
Mouse mitochondrial toxicity. However, the cellular action mechanisms of these drugs have not yet been thoroughly

studied. Here we used several proteomics approaches to determine the effects of AF, TRi-1 and TRi-2 when used
at IC50 concentrations with the mouse B16 melanoma and LLC lung adenocarcinoma cells, as these are often
used for preclinical mouse models in evaluation of anticancer drugs. The results demonstrate that TRi-1 and TRi-
2 are more specific TXNRD1 inhibitors than AF and reveal additional AF-specific effects on the cellular proteome.
Interestingly, AF triggered stronger Nrf2-driven antioxidant responses than the other two compounds. Further-
more, AF affected several additional proteins, including GSK3A, GSK3B, MCMBP and EEFSEC, implicating
additional effects on glycogen metabolism, cellular differentiation, inflammatory pathways, DNA replication and
selenoprotein synthesis processes. Our proteomics data provide a resource for researchers interested in the
multidimensional analysis of proteome changes associated with oxidative stress in general, and the effects of
TXNRD1 inhibitors and AF protein targets in particular.

1. Introduction

Targeting cellular antioxidant defense systems as a molecular prin-
ciple for anticancer treatment has been proposed as of late since many
cancer cell types produce high levels of reactive oxygen species [1-3]
and rely on activation of antioxidant enzymes [4] thus creating potential
therapeutic targets [5,6]. The antioxidant defense systems in mammals
rely on the thioredoxin and glutathione systems, whereby inhibiting
both these systems simultaneously could be a tempting approach for
anticancer therapy if it was not lethal also for normal cells [7-9]. Tar-
geting one of the systems has however shown great promises with

compounds like auranofin (AF) inhibiting the selenoprotein TXNRD1
[101, which is an enzyme shown in several studies to be a promising
anticancer drug target [11-16]. AF is evaluated in clinical trials for
therapy in several forms of cancer such as fallopian tube cancer, ovarian
epithelial cancer, primary peritoneal cavity cancer, ovarian serous
tumor, ovarian carcinoma, chronic lymphocytic leukemia, small lym-
phocytic lymphoma, leukemia prolymphocytic, non-small cell lung
cancer, adult solid tumor, small cell lung carcinoma, and lung adeno-
carcinoma (clinicaltrials.gov). AF is an FDA-approved drug (Ridaura®)
for use in rheumatoid arthritis; it binds to TXNRD1 as its main target
[11,12,17,18]. Several additional targets have however also been
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described for the drug, including other reductases, glutathione S-trans-
ferases, proteasomal deubiquitinases and several phosphatases [11,
19-21]. Therefore, AF is not a TXNRD1-specific inhibitor, and thus it is
important to understand what cellular effects of AF depend upon what
protein is being targeted. In a drug discovery effort focused on devel-
oping more specific TXNRD1 inhibitors, the two compounds named
TRi-1 and TRi-2 (“thioredoxin reductase inhibitor —1 and —2”) showed
promise for inhibiting cancer cell growth in culture as well as in mouse
models, while not overtly affecting normal cells or tissues [17]. These
compounds have high therapeutic potential with more precisely defined
molecular mechanisms of action compared to AF, thus potentially
inducing fewer off-target side effects. However, the proteome-wide
target landscape of these molecules has not yet been investigated in
detail. The purpose of this study is thereby to evaluate the cellular effects
of TRi-1 and TRi-2 in comparison to AF using proteomics.

Advances in the chemical proteomics field have enabled several new
methods for deconvolution of drug targets and action mechanisms.
Functional Identification of Target by Expression Proteomics (FITExP)
has recently been used to develop the ProTargetMiner tool and resource
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[22-24]. The FITEXP method uses the peculiarity of cellular proteome
responses to toxic compounds during cell death; specifically, the drug
target and mechanistic proteins are typically found to be strongly up- or
down-regulated. Another method in chemical proteomics is called
thermal proteome profiling (TPP), which is a proteome-wide version of
the cellular thermal shift assay (CETSA), and is based upon the alteration
of thermal stability of proteins upon the binding of drugs or ligands to
them. The TPP is an assessment of this property on the whole-proteome
level and has been employed to measure drug target engagement in both
living cells and in cell lysates [25,26]. Recently, we developed the
proteome integral stability alteration (PISA) [27] assay that dramati-
cally increases TPP throughput. The PISA assay utilizes integrated “areas
under the curve” of combined samples that have been heated to different
degrees, thereby significantly lowering the number of samples that need
to be analyzed compared to the TPP method. In order to assess the redox
state of cysteine residues in proteins, specific chemical tags enabling
such proteomics analyses were developed [28]. In a recent work, we
used a combination of these different chemical proteomics methods in
order to study the target landscape of AF in a selection of human cancer
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Fig. 1. Workflow. Outline of the experimental strategy using a combination of FITExP, three different type of PISA assays and redox proteomics to deconvolute
specific responses upon the use of the three different TXNRD1 inhibitors (structures shown in the middle) using two mouse cancer cell lines.
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cell lines, finding that TXNRD1 is one of the main targets of AF together
with NFKB2 and CHORDCI [12]. In the present study we use a similar
combination of several proteomics approaches to study the
proteome-wide effects of AF in comparisons with those of TRi-1 and
TRi-2 (Fig. 1). We used here two mouse cancer cell lines, LLC2 (Lewis
Lung Carcinoma) and B16-F10 (melanoma) as these are often used in
pre-clinical in vitro studies as well as for in vivo mouse tumor models in
evaluation of anticancer therapeutic efficacy [29-31]. Both the Txnrd1
gene and the TXNRD1 protein were previously suggested to play key
roles in the promotion of tumor development in mice, using both LLC2
[32] and B16 [33], thus underlining the importance of determining the
effects of the three inhibitors of this enzyme in these two cell types. The
overall conclusion from our results is that TRi-1 and TRi-2 are more
specific TXNRD1 inhibitors than AF, and we identify additional targets
of the three drugs that should be considered for the understanding of
their effects in different mouse cancer models.

2. Materials and methods
2.1. Cell culture

B16-F10 and LLC2 cells were cultured at 37 °C and 5% CO; in a
humidified Forma Steri-cycle i160 CO, incubator (Thermo Fischer Sci-
entific). They were maintained in DMEM (Lonza) supplemented with
10% FBS (Gibco), 2 mM r-glutamine (Lonza) and 150 nM NaySeOs as
additional selenium source to saturate cellular selenoprotein synthesis.
Both cell lines were kept for 8 passages at maximum for any of the ex-
periments described below.

2.2. Drug IC50 measurements

B16-F10 and LLC2 were seeded into 96-well plates (Sarstedt) at a
density of 3000 cells per well and grown for 24 h. Then, medium was
replaced with fresh medium containing the drugs namely AF, TRi-1 and
TRi-2. Nine concentrations were tested, including vehicle control
(DMSO) or 0.005, 0.05, 0.5, 1, 5, 10, 25 and 50 pM. Four replicate per
drug and concentration were used. The treatment was conducted for 48
h, after which, cell viability was measured using CellTiter-Fluor™
following manufacturer’s protocol.

2.3. TXNRD1 inhibition assay and determinations of TXNRD1 protein
abundances

B16-F10 cells were seeded into 6-well plates (Sarstedt) at a density
of 300 000 cells per well. The following day, cells were treated using 4.5
pM, 3 pM and 0.3 pM of auranofin and TRi-2, 30 pM, 20 pM and 2 pM of
TRi-1 and vehicle (DMSO) at the same concentration. Cells were
collected after 1 h, 3 h and 12 h of treatment using the following pro-
cedure. Cells were washed twice with PBS, then 200 pL of lysis buffer
(50 mM Tris-HCl, 2 mM EDTA, 0.15 M NacCl, 1% Triton X-100, protease
inhibitors (Roche), pH 7.5) was added and cells were scraped, collected
into tubes and snap frozen. After three freeze-thaw cycles, cell lysates
were centrifuged (13 000 rpm, 15 min), supernatants were collected,
and protein concentrations measured using Pierce bicinchoninic acid
assay (BCA) protein assay kit (Thermo Fischer Scientific) according to
the manufacturer’s protocol. To measure TXNRD1 activities, the end-
point TXN-dependent insulin reduction assay was used, essentially as
described previously [17]. In short, 7.5-9 pg total protein from the cell
lysate was incubated with 0.16 mM human insulin (Sigma), 0.33 mM
NADPH (Saveen Werner) and 16 pM human TXN (recombinantly pro-
duced as previously described [81]) in TE buffer (50 mM Tris-HCl, 2 mM
EDTA, pH 7.5) at a total volume of 50 pL and was then incubated at
37 °C. After 0, 15 and 30 min, 10 pL aliquots were taken and combined
with 6 M guanidine-HCl and 2.5 mM DTNB in 96-well plates (Perki-
nElmer), whereupon the absorbance at 412 nm was measured using
microplate spectrophotometer (TECAN). Levels of active Txnrd1l were
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normalized to DMSO control samples for each treatment timepoint.

Relative protein abundance of TXNRD1 was determined by Western
blot. In short, 25 pg total protein from the same cell lysates used above
for activity measurements was denatured at 95 °C in LDS sample buffer
(Novex Life Technologies) with 10 mM DTT (Sigma) and loaded onto
Bolt Plus 4-12% BisTris precast gels (Thermo Fischer Scientific). Elec-
trophoresis was performed at 165 V for 40min, and dry transfer, using
iBlot 2 NC transfer stacks (Thermo Fischer Scientific), at 20 V for 7 min.
TXNRD1 was detected using an anti-mouse TXNRD1 polyclonal anti-
body from rabbit serum, kindly provided by G. Merrill, Oregon State
University, and GAPDH was detected using rabbit anti-human GAPDH
(Santa Cruz Biotechnology, sc25778, LOT D1613). A goat anti-rabbit
HRP-IgG secondary antibody (Southern Biotech, 4030-05, LOT A2718-
MMOO0) was used for chemiluminescent signal detection with ECL
detection reagent (Cytiva Amersham). Band detection and quantifica-
tion was performed in Quantity One and Image Lab (BioRad) software.
Protein abundance of TXNRD1 was normalized to that of GAPDH with
the DMSO control samples for each treatment timepoint set as 100%. For
estimations of the amounts of inactive and active TXNRD1 protein in
each sample, “inactive TXNRD1” was estimated from the remaining
TXNRD1 content according to the Western blot after subtracting the
content corresponding to that found in the DMSO control sample,
assuming that the DMSO control sample represented 100% active
TXNRD1, with the activity of that sample determined above. In samples
where the calculated “active TXNRD1 per band intensity” slightly
exceeded that determined for the DMSO control, we assumed that no
inactive TXNRD1 was present.

2.4. FITExP analysis

B16-F10 and LLC2 were seeded into 6-well plates (Sarstedt) at a
density of 100 000 per well and grown for 24 h. Then cells were treated
with IC50 concentration of each drug and corresponding concentration
of DMSO (Fig. 1). Treatments were conducted in triplicates for each drug
and cell lines. After 48 h of treatment, cells were washed two times with
PBS, whereupon lysis buffer (1% SDS, 8 M urea, 50 mM Tris pH 8.5) was
added on top of the cells. Cells were scraped and collected into tubes and
then sonicated using a probe sonicator (Branson) for 45s (3s/3s pulse,
30% amplitude). Protein concentration was measured in each sample
using Pierce bicinchoninic acid assay (BCA) protein assay kit (Thermo
Fischer Scientific) according to the manufacturer’s protocol.

2.5. PISA measurements

B16-F10 cells were grown as described above until around 70%
confluence. For the PISA in cell experiment, medium was replaced with
fresh medium containing IC50 concentration of AF, TRi-1 and TRi-2
(Fig. 1) with adjusted concentration of DMSO (vehicle) so that DMSO
concentration is equal for each drug and the control treatment consisted
in the same concentration of DMSO. Cells were then incubated with the
drugs for the indicated time, after which cells were washed with PBS and
detached using TrypLE Express. The reaction was stopped by adding
fresh medium and the cells were pelleted at 340 x g for 2 min. Cell pellets
were rinsed two times with PBS and finally the cells were resuspended in
1 mL of PBS supplemented with protease inhibitors (Roche). For the
lysate experiments, cells were grown, detached and resuspended in the
same way, however, cells were then lysed directly by freezing/thawing
cycles in liquid nitrogen. The lysates were cleared by centrifugation at
20 000xg for 5 min and lysates were aliquoted for each treatment in
triplicates and treated for 30 min with the same concentrations as in the
PISA with intact cell experiments. For one of the PISA in lysates exper-
iment, lysates were also supplemented with 1 mM NADPH, added 5 min
before addition of compounds. After the treatments for 30 min, 100 pL of
the cell suspension or cell lysate were distributed into 10 PCR tubes per
replicate (n = 3 for each treatment). Cells were heated in a temperature
range from 48 to 59 °C and samples corresponding to each replicate
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were combined together. For the PISA in intact cell experiment, cells
were lyzed using the same freezing/thawing method as for creating the
cell lysates. Finally, for each experiment, samples were transferred to
ultracentrifuge tubes, placed into a Ti 42.2 rotor (Beckman-Coulter) and
ultracentrifuged at 100 000x g for 20 min using an Optima XPN-80 Ul-
tracentrifuge (Beckman-Coulter). 70 pL of the supernatant was collected
and the same volume of lysis buffer (8 M urea, 20 mM EPPS pH 8.5) was
added and the protein concentration was measured using Pierce bicin-
choninic acid assay (BCA) protein assay kit (Thermo Fischer Scientific)
according to the manufacturer’s protocol.

2.6. Redox proteomics

B16-F10 cells were grown and treated in the same way as for the
PISA experiments with intact cells. Cell lysis was performed as in FITExP
except that the cells were always kept on ice, until iodoTMT reagents
were added to the lysates to label reduced cysteines. lodoTMT reagents
were resuspended into methanol and 4.4 mmol/L of a first label were
added to the samples and they were incubated at RT for 1 h in the dark.
Samples were precipitated using methanol chloroform (see below) and
resuspended into HES buffer. Then 1 mM of DTT was added to the
samples that were incubated for 1 h at RT to reduce the unlabeled
oxidized cysteines. A second iodoTMT label different from the first one
was added to the samples at 4.4 mmol/L which were incubated for 1 h at
RT in the dark to label the newly reduced cysteines.

2.7. Protein sample preparation for expression proteomics and TMT10
labeling

For all proteomics experiments, 50 pg of proteins were used in
sample preparation. Reduction was performed using 5 mM DTT at RT for
1 h followed by alkylation using 15 mM IAA at RT in the dark for 1 h. The
reaction was quenched by adding 10 mM DTT. Then methanol/chloro-
form precipitation was performed as followed: 3 sample volumes of
methanol were added, then 1 sample volume of chloroform and 3 vol-
umes of water. Samples were vortexed between each step and then
centrifugated at 20 000xg for 10 min at 4 °C. The aqueous layer was
removed, and the protein pellet was rinsed with one sample volume of
methanol, vortexed and centrifuged using the same speed as in the
previous step. Finally, all the liquid was removed, and the protein pellet
was air-dried.

Air-dried protein pellets were resuspended in 8 M urea, 20 mM EPPS
pH 8.5. The samples were diluted once with by adding 20 mM EPPS pH
8.5 (4 M urea) and lysyl endopeptidase digestion was carried out at a
1:100 ratio (LysC/protein, w/w) overnight at RT. The following day,
samples were diluted 4 times (1 M urea) with 20 mM EPPS pH 8.5, then
tryptic digestion was performed for 6 h at RT using a 1: 100 ratio
(Trypsin/protein, w/w). After that, TMT10 labeling were performed
during 2 h at RT by adding 0.2 mg of reagent dissolved in dry ACN ac-
cording to manufacturer’s instructions and a final ACN concentration of
20%. The reaction was then quenched by adding triethylamine to a final
0.5% concentration and incubated 15 min at RT. The samples were
combined resulting in one pooled sample per replicate containing each
temperature. After that, the samples were acidified to pH < 3 using TFA,
desalted using Sep Pack (Waters) and vacuum dried overnight using
miVac DNA (Genevac).

2.8. High pH reversed-phase peptide fractionation

For the redox proteomics experiments 70 pg of proteins were
resuspended into 300 pL of 0.1% TFA and fractionated using Pierce™
High pH Reversed-Phase Peptide Fractionation Kit (Thermo Fischer
Scientific) according to manufacturer’s protocol, resulting in 8 fractions
per sample. Samples were then dried overnight in a Speedvac.

For FITEXP and PISA experiments, 150 pg of proteins were resus-
pended into 20 mM NH4OH. Then, samples were off-line high-pH
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reversed-phase fractionated using an UltimateTM 3000 RSLCnano Sys-
tem (Dionex) equipped with a XBridge Peptide BEH 25 cm column of
2.1 mm internal diameter, packed with 3.5 um C18 beads having 300 A
pores (Waters). The mobile phase consisted of buffer A (20 mM NH4OH)
and buffer B (100% ACN). The gradient started from 1% B to 23.5% in
42 min, then to 54% B in 9 min, 63% B in 2 min and stayed at 63% B for
5 min and finally back to 1% B and stayed at 1% B for 7 min. This
resulted in 96 fractions that were concatenated into 24 fractions and
dried overnight using miVac DNA.

2.9. Mass spectrometry analysis

Prior to mass spectrometry analysis, all samples were resuspended in
2% ACN and 0.1% FA at a concentration of 0.2 pg/pL and 1 pg was
injected into the respective LC system (Supplementary Table 7). Mass
spectra were acquired according to Supplementary Table 8.

2.10. TMT labelling quantification

Protein identification and quantification were performed for all mass
spectrometry experiments in the same MaxQuant analysis (version
1.6.2.3) dividing each experiment with the “group” option. MS2 was
selected as the quantification mode with TMT10 or iodoTMT as the
modification. Acetylation of N-terminal, oxidation of methionine and
deamidation of asparagine and glutamine were selected as variable
modifications. Carbamidomethylation of the cysteine was selected as
fixed modification for TMT10-labelled sample and no modification was
selected for iodoTMT-labelled samples. The Andromeda search engine
was using the UniProt mouse database excluding protein isoforms (55
228 entries) with the precursor mass tolerance for the first searches and
the main search set to 20 and 4.5 ppm, respectively. Trypsin was
selected as the enzyme, with up to two missed cleavages allowed; the
peptide minimal length was set to seven amino acids. Default parame-
ters were used for the instrument setting. The FDR was set to 0.01 for
peptides and proteins. “Match between runs” option was used with a
time window of 0.7 min and an alignment time window of 20 min.

2.11. Data normalization and statistical analysis

All data analysis and plots were produced using R version 3.6.1. In all
proteomics analysis, individual protein abundances were normalized by
the sum of all protein abundances in the corresponding sample. For
redox proteomics analysis, individual protein abundances were
normalized by the sum of all protein abundances in the corresponding
sample and multiplied by the sum of the abundances of the corre-
sponding peptide in each triplicate sample for reduced (TMT126,
TMT127 and TMT128) and oxidized (TMT129, TMT130 and TMT131)
cysteine separately. Comparison between two sample groups were
assessed using two-tailed unpaired t-test unless otherwise specified.
Data are presented as mean + standard error of the mean, unless
otherwise stated. P-values lower than 0.05 were considered as statisti-
cally significant. r for the corresponding plots were calculated using
Pearson correlation. GO pathways enrichment were done using DAVID
version 6.8. For pathways enrichment significance, we considered
pathways with p-values corrected by Benjamini-Hochberg procedure
lower than 0.05. Only proteins identified with two peptides or more and
without missing values in any of the samples and replicates were
considered for statistical analysis except in redox proteomics
experiments.

2.12. Data availability

The mass spectrometry proteomics data have been deposited to
ProteomeXchange Consortium (http://proteomecentral.proteomexch
ange.org) via the PRIDE partner repository with data set identifier
PXD028398.
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3. Results and discussion

3.1. Determination of auranofin, TRi-1 and TRi-2 cytotoxicity profiles
towards LLC2 and B16-F10 cells

We first determined the cytotoxic efficacies of AF, TRi-1 and TRi-2
with the B16-F10 and LLC2 cell lines. This determination was needed
for FITExP analyses that require the treatment of several cell lines with
IC50 concentrations for 48 h (Fig. 1). AF and TRi-2 exhibited similar
efficacies while TRi-1 was less potent (Table 1, Supplementary Fig. 1), in
agreement with findings in human cell lines [17]. The slightly higher
sensitivity of B16-F10 towards the compounds led us to choose that cell
line for the subsequent Txnrdl inhibition assay, PISA assays and redox
proteomics analyses.

3.2. At IC50 concentrations, TRi-1 induces more rapid TXNRD1
inhibition in B16-F10 cells than auranofin or TRi-2

Using the IC50 measurements of AF, TRi-1 and TRi-2 as a standard
for efficacy of the drugs (Table 1), we next determined the extent of
irreversible TXNRD1 inhibition and relative protein abundance of
TXNRD1 in B16-F10 cells upon treatment at earlier time points with
either 10% of IC50, IC50 or 150% of IC50 concentrations. We measured
both TXNRD1 activity and protein abundance relative to vehicle-treated
control samples in cell lysates prepared after 1 h, 3 h and 12 h of
treatment. Since the inhibitors are washed away during lysate prepa-
ration and cellular proteins become highly diluted in the activity assay,
the total activity of TXNRD1 as measured in lysates will reflect that of
enzyme being present, which has not been irreversibly inhibited. To our
surprise, only TRi-1 showed an early dose-dependent inhibition of
TXNRD1 activity, while both AF and TRi-2 required longer incubations
with the cells until inhibition of TXNRD1 could be detected. After 1 h of
treatment at IC50 and 150% IC50 concentrations, TXNRD1 activity was
significantly lowered by TRi-1, while it was increased at 10% of IC50.
After 3 h, the TXNRD1 activity was greatly lowered by TRi-1 at 10% of
the IC50 concentration and completely abrogated at IC50 and 150% of
IC50. Lastly, after 12 h of incubation no significant TXNRD1 activity
inhibition was noticeable at any of the tested TRi-1 concentrations, with
all samples showing similar activity as the DMSO control. At the 12 h
time point, however, both AF and TRi-2 treatment clearly led to less
TXNRD1 activity, while these treatments gave little effect on the
TXNRD1 activity during the earlier time points (Fig. 2A-C).

We next attempted to estimate the proportion of total TXNRD1
protein in the samples where its activity had been measured. This was
important since both active and inactive forms of TXNRD1 can be pre-
sent, also noting that irreversibly inhibited TXNRD1 may be converted
to prooxidant forms of the protein known as SecTRAPs (selenium
compromised thioredoxin reductase-derived apoptotic proteins), which
are unable to reduce TXN but still capable of redox cycling with NADPH
producing reactive oxygen species [34]. Thus, there might be a differ-
ence in the triggering of cellular effects when comparing lower amounts
of TXNRD1 protein with a lack of TXNRD1 activity due to inhibition of
the enzyme. The analyses of TXNRD1 protein abundance clearly
demonstrated that non-active TXNRD1 forms could be formed, consid-
ering that the samples displaying lower TXNRD1 activities, including the
earlier time points of treatment with IC50 or 150% IC50 of TRi-1 that

Table 1

Drug IC50 after 48 h treatment in the corresponding cell lines (n = 4). Growth
medium was supplemented with 150 nM selenite and cell viability was assessed
using CellTiter-Fluor™. For the IC50 determination curves, see Supplementary
Fig. 1.

Auranofin TRi-1 TRi-2
B16-F10 3+2uM 20 £ 7.5 M 3+2uM
LLC2 7 + 2.5 M 25 UM + 7.5 uM 3.5+ 2 M
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displayed very low TXNRD1 activities, still contained considerable
levels of TXNRD1 protein (Fig. 2D-1, Supplementary Fig. 2). Further
analyses of these results revealed that at the early time points only TRi-1
generated large amounts of inactive TXNRD1 protein (Fig. 2I), while
inactive forms of TXNRD1 were clearly present after 12 h of treatment
with all three compounds (Fig. 2G-I). When assessing the cell shape
under these conditions of treatments, we noted that this was clearly
affected already after 3 h of treatment with all of the compounds when
used at IC50 and 150% of IC50 concentrations (Supplementary Fig. 3A).
This suggested that clear effects on cellular integrity were early trig-
gered by all three compounds even if TXNRD1 inhibition could only be
detected for TRi-1, where such effects could be early induction of
oxidative stress [35-37] or other challenges. We however noted that cell
viability, as measured using the CellTiter-Fluor™ reagent, was signifi-
cantly decreased after 12 h only in the AF treatment at 150% of IC50 and
in the TRi-1 treatment at both IC50 and 150% of IC50 concentrations
(Supplementary Fig. 3B). The cell death was hence the most rapid for the
TRi-1 treatment, while the cell death used for determination of the IC50
values for all three compounds was, as noted above, determined after
the longer duration of treatment of 48 h. Taken together, these results
could possibly indicate that the TRi-1 cytotoxicity mainly relates to
TXNRD1 inhibition and generation of SecTRAPs, while AF and likely
also TRi-2 should have additional mechanisms and/or off-target effects
that could further contribute to their cytotoxic effects. Previous data
have also suggested that both TRi-1 and AF, but not TRi-2, are able to
induce formation of SecTRAPs [17]. The fact that AF and TRi-2 showed
no detectable inhibition of TXNRD1 at the early time points, but sig-
nificant inhibition after 12 h of treatment, may also be an indication of
different cellular pharmacodynamics of AF and TRi-2 compared to
TRi-1, with faster entry and action of the latter compound, and/or may
suggest some compensation mechanisms that could maintain TXNRD1
activity during early time points in cells treated with AF or TRi-2. These
and other potentially cell type-specific aspects in the actions of these
three TXNRD1-targeting compounds should be further investigated, but
here we can conclude that TRi-1 is a more efficient TXNRD1 inhibitor
than AF and TRi-2 in B16-F10 mouse melanoma cells.

3.3. Auranofin induces wider changes in protein expression and thermal
stability profiles than either TRi-1 or TRi-2

Considering the results of the TXNRD1 inhibition assays, we decided
to study in more detail the overall effects of AF, TRi-1 and TRi-2 on the
cellular proteome, which would be expected to reveal more of their (off-
)target landscapes. For this we employed both established and in-house
chemical proteomics approaches (Fig. 1). Starting with protein expres-
sion abundance measurements, the heatmap and violin plots of protein
expression ratios for AF, TRi-1, and TRi-2 treatment at IC50 concen-
trations as determined after 48 h of treatment showed much broader
expression changes in AF treatment compared to the other two drugs, for
both the B16-F10 and LLC2 cell lines included in this study (Fig. 3A,
Supplementary Table 1). In total the expression levels of 4377 proteins
as detected in both cell lines and for all treatments were quantified.

To determine systematic proteome changes during the treatments,
we plotted the protein expression fold changes in each cell line against
the other (Fig. 3B). The top pathways according to Gene Ontology
classifications of “Biological Process”, “Molecular Function” and
“Cellular Component” that were enriched with proteins showing
significantly (p-value <0.05) altered levels in both cell lines and a >1.2
or < 0.83 fold change against DMSO control in each cell line are shown
in Fig. 3B (full data can be found in Supplementary Table 1). For all
three drugs, enzymes involved in oxidoreductase activity and oxidation-
reduction process were upregulated, as expected, and most of these
proteins were located in the cytoplasm. AF also affected “cell division”
and “midbody”. Overall, AF activated more pathways than TRi-1 and
TRi-2, with the most affected pathways involving “ribosome” and
“translation”, while both TRi-1 and TRi-2 downregulated proteins from
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Fig. 2. Time and dose-dependent inhibition of TXNRD1 relative to total TXNRD1 protein abundance. (A-C) TXNRD1 activity in cell lysates prepared from
B16-F10 cells treated with 10% of IC50, IC50 and 150% of IC50 concentrations of each compound (cf. Table 1), as indicated, with (A) auranofin treatment at 0.3, 3
and 4.5 pM, (B) TRi-2 treatment at 0.3, 3 and 4.5 pM and (C) TRi-1 treatment at 2, 20 and 30 pM, with lysates prepared after 1 h, 3 h and 12 h of treatment, as
indicated. (D-F) Representative Western blot determinations of TXNRD1 and GAPDH protein abundances in the same cell lysates analyzed in (A-C) (complete
membranes in Supplementary Fig. 2). (G-I) Estimations of the amounts of active as well as inactive TXNRD1 protein in the cell lysates, calculated from estimations of
the activity measurements relative to the TXNRD1 protein abundances, with calculations normalized for the DMSO controls as described in the Methods section (one
biological replicate was excluded from the analysis for 12 h treatment and in (I) two biological replicates for 3 h treatment were excluded, due to lack of sufficient
amounts of sample remaining). Error bars represent + standard deviations from the mean. P-values for the activity measurements in (A-C) were calculated using a
two-sided paired Student’s t-test against the respective DMSO, *p < 0.05, **p < 0.05, ***p < 0.05. n = 3.

the “nucleosome” and “nuclear euchromatin” classifications (Supple-
mentary Table 2). Additionally, AF affected “chromosome structure”
and “nucleus” (Supplementary Table 2), in line with our previous ob-
servations of AF-triggered effects in human cells [12]. In summary, all
three compounds triggered an upregulation of redox active enzymes
after 48 h of treatment at IC50 in both cell lines. However, AF seemed to
differ in its effects from those of TRi-1 and TRi-2 in terms of the
magnitude of protein expression alterations, and also moderately in
terms of the additionally affected cellular pathways. Effects of AF on
ribosome function and translation could perhaps explain the broader
expression changes upon AF treatment as secondary downstream events,
but additional direct effects on several proteins by AF can of course not
be ruled out. AF at higher concentrations can also directly inhibit the
proteasome [11,21], contributing to disruption of the protein synthesis
verversus protein degradation balance. Thus, the wider global protein
expression changes observed upon AF treatment are likely to originate
from simultaneous alteration of multiple pathways. The effects on nu-
clear DNA-related proteins found here with both TRi-1 and TRi-2, but
not with AF, are previously non-described effects of these compounds,

which should deserve further studies. Perhaps these effects may relate to
targeting of splice forms of TXNRD1 present in the nucleus [38-41],
which may possibly affect nuclear DNA organization by mechanisms not
yet fully understood.

In subsequent PISA experiments performed in B16-F10 intact cells,
cell lysate and cell lysate supplemented with NADPH, the same con-
centrations of the drugs were used as in the FITEXP experiments, with
the treatments in this case lasting 3 h for intact cells and 30 min for the
lysate experiments. Measuring protein thermal stability/solubility pro-
files in cells enables assessments of proteins directly targeted by com-
pounds or metabolites, the downstream effects of protein target
inhibition, as well as compartment engagement. We have previously
demonstrated that protein thermal stability shifts can also be attributed
to formation of disulfide bonds or their reduction by reductive enzymes
[12,42]. Since TXNRD1 has the capacity to reduce disulfide bonds in
substrate proteins, either directly or indirectly through thioredoxin-fold
proteins, we expected to be able to study downstream effects of its in-
hibition with minimal protein expression changes after the shorter 3 h
treatment. In the PISA analyses, 4491 proteins were quantified in all of
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Fig. 3. Auranofin triggers broader proteome responses than TRi-1 and TRi-2 and all treatments lead to oxidative stress. (A) Heatmap and violin plots of the
expression changes upon AF, TRi-1 and TRi-2 treatment at IC50 concentration for 48 h compared to DMSO control in B16-F10 and LLC2 cell lines. (B) Two-
dimensional plots of mean protein expression fold change in each treatment for B16-F10 against LLC2 cell lines (bottom) and subsequent GO pathways enrich-
ment analysis using DAVID pathways analysis of proteins that are upregulated or downregulated upon treatment in both cell lines (top). Top 2 pathways at most in
GO Biological Process (BP), Molecular Function (MF) and Cellular Component (CC) with p-value corrected by Benjamini-Hochberg procedure <0.05 were considered
for enrichment in the GO term analysis. (C) Violin plot of thermal stability changes from PISA assays in B16-F10 cells of each treatment against DMSO, treatments
were performed for 3 h. (D) Mean cysteine-containing peptides oxidation levels for each drug and DMSO during 3 h treatment in B16-F10 cells. Error bars represent
+ the standard deviations from the mean. P-values were calculated using a two-sided paired Student’s t-test with ***p < 0.005. N = 3 for expression and redox
proteomics experiments and n = 4 for PISA assay. For raw data and individual protein results, see Supplement.

the treatments and experiments. In evaluations of the results from the
PISA in cells, AF was found to yield the largest shifts while TRi-1 led to
the highest number of shifts (Fig. 3C, Supplementary Table 1). All the
individual 4491 proteins showing changes in the three treatment con-
ditions (intact cells, cell lysates and cell lysates supplemented with
NADPH) are listed in Supplementary Table 3 together with their indi-
vidual fold-changes and p-values between experiments.

Finally, we performed redox proteomics measurements in B16-F10
cells treated for 3 h at IC50. TRi-2 showed the highest mean protein
oxidation levels among the 2113 quantified cysteine-containing pep-
tides belonging to 1455 proteins for all of the treatments, then AF, and
finally TRi-1 (Fig. 3D, Supplementary Table 1). All compounds increased
overall cysteine oxidation in cells compared to DMSO control, as ex-
pected. However, contrary to the expression proteomics and PISA assays
with intact cells, AF did not exhibit the highest changes in protein
oxidation levels.

3.4. TRi-1 and TRi-2 lead to more specific upregulation of TXNRD1 than
auranofin

To assess the relative specificity of TRi-1, TRi-2 and AF to their

respective targets, we next performed FITEXP analyses by comparing the
effects of these compounds with the three “standard” anticancer drugs,
methotrexate, paclitaxel and camptothecin, which are known to induce
largely non-overlapping death pathways. The OPLS-DA models [24,43]
on the data merged from the two cell lines contrasting each test com-
pound against the standard drugs reveal compound-specific responses
(Fig. 4A). Notably, NAD(P)H Quinone Dehydrogenase 1 (NQO1) and
Glutamate-Cysteine Ligase Catalytic Subunit (GCLC) were specifically
upregulated in each treatment by AF, TRi-1 and TRi-2, which would be
expected as these two proteins are typical NRF2 targets, and NRF2
activation can often be noted upon TXNRD1 targeting (see further an-
alyses and discussion below). Interestingly, Cytochrome c (Cysc) was
upregulated for TRi-1 and TRi-2, but downregulated for AF. Cytochrome
¢ Oxidase Assembly Factor 7 (Coa7) was also specifically downregulated
in AF treatment. Cytochrome c can scavenge reactive oxygen species as
well as become released from the mitochondria upon oxidative stress
[44] and thus initiate apoptosis [45]. The opposite effects on cyto-
chrome c levels between the treatments with AF vs. TRi-1 and TRi-2
might perhaps come from different toxicities of these compounds to-
wards the mitochondria, since out of the three compounds, AF is the
only one with clearly enhanced mitochondrial toxicity [17]. The
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transcription factors nuclear respiratory factor 1 (NRF-1) and
cAMP-response element-binding protein (CREB) have been shown to
mediate upregulation of Cycs transcription [46] but the possible mech-
anisms for Cycs activation by TRi-1 and TRi-2 need yet to be validated.
Lastly, AF treatment triggered specific downregulation of many sele-
noproteins in the FITExP analysis, in line with previous observations
showing that AF inhibits selenoprotein synthesis [47] (Fig. 4A). We
indeed detected strong downregulation of most selenoproteins upon
treatment with AF, in terms of abundance levels, while interestingly no
significant variations in selenoprotein levels were observed for TRi-1
and TRi-2 (Fig. 4B).

When the rank of TXNRD1 among the proteins according to their first
OPLS-DA component was compared for the different treatments, TRi-1
and TRi-2 (28th and 76th rank, respectively) were clearly superior to
that of AF (2810th) (Fig. 4C). In addition, TRi-1 and TRi-2 also showed
the best correlation between their ranks, with a r? of 0.83, while their
correlation with AF was 0.41 and 0.43, respectively (Fig. 4C).

Finally, we used OPLS-DA models contrasting the effects of each drug
(AF, TRi-1 and TRi-2) against the other two, in order to further highlight
their possible differences in specificity towards TXNRD1 within the
proteome landscape. We furthermore ranked all detected proteins ac-
cording to the coordinates of their first component in decreasing order.
TXNRD1 was thereby ranked at positions 521, 869 and 4051 in TRi-2,

TRi-1 and AF treatments, respectively (Supplementary Table 4). Thus,
TRi-2 showed more specific upregulation of TXNRD1 in this analysis,
followed by TRi-1 and AF. Selenoproteins were specifically down-
regulated, with SEP15 and SELH ranking last and second to last in AF
compared to TRi-1 and TRi-2, thus confirming the trend of the AF-
specific effects on general selenoprotein expression (Supplementary
Table 4). Target rankings in OPLS-DA models thereby further strengthen
the notion that TRi-1 and TRi-2 are more specific TXNRD1 inhibitors
than AF, and that only AF triggers specific downregulation of
selenoproteins.

3.5. Auranofin triggers more potent NRF2 activation than TRi-1 and TRi-
2

Since many proteins specifically upregulated in AF treatment are
known to be induced by activation of the NRF2 transcription factor [48,
49], such as NQO1, HMOX1, GCLM and GCLC (Fig. 4A), we analyzed the
average expression of proteins with a promoter that is under control of
NRF2 at the basal level, only when induced, and in both cases [50]
(Supplementary Table 5). AF showed the highest mean protein expres-
sion changes in both cell lines for the corresponding basal and inducible
NRF2-dependent genes, as well as for NRF2-target genes that fit in both
categories (Fig. 4D). TRi-1 and TRi-2 gave moderate to no changes in
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these protein levels, however with slightly higher changes in the LLC2
cell line for the NRF2-inducible proteins, and in both cell lines for basal
as well as inducible genes (Fig. 4D). AF is known to also target mito-
chondrial TXNRD2, creating redox stress in the mitochondria [51].
NRF2 however protects also mitochondria from oxidative stress by
increasing the expression of antioxidant enzymes [52,53]. AF may also
inhibit proteins from the glutathione system including, at least at high
concentrations, glutathione peroxidase 1 (GPX1) [17] and, as shown
herein, AF lowers the levels of many selenoproteins. Since many sele-
noproteins have antioxidant function, it may thus be that the wider ef-
fects of AF trigger a rather strong oxidative stress in cells, in spite of its
strong effects with NRF2 activation. It should however be noted that the
overall outcome in terms of the extent of triggered oxidative stress will
be context dependent, and the protective functions of NRF2 activation
can in certain cell types and conditions be the major effect of AF treat-
ment [48,54,55]. Even though our redox proteomics data show that AF
induces high oxidation levels in proteins, thus indicative of higher
oxidative stress, TRi-2 induced even higher oxidation levels in the
cellular proteins. AF triggered NRF2-mediated responses, while the
more specific TXNRD1 inhibitors were interestingly found here to only
have partial responses, at best, with regards to NRF2 activation. Taken
together, these observations suggest that inhibition of TXNRD1 alone is
not sufficient to trigger a high NRF2 response, although many inhibitors
of TXNRD1 as well as genetic knockout of the enzyme have been found
to activate NRF2 [56]. The functional links between TXNRD1 targeting
and NRF2 activation clearly need to be further studied.

3.6. PISA analyses reveal the target landscape of each treatment and
suggest higher specificity of TRi-1

We know from previous work [12] that TXNRD1 shows only a subtle
thermal stability shift in TPP in cells and no shift in cell lysates when
inhibited by a targeting compound, which likely is due to its highly
flexible C-terminal tail encompassing the active site selenocysteine
residue that is typically the specific target of compounds inhibiting the
enzyme [57]. Consequently, we performed PISA analyses to study the
target landscape of each compound, bearing in mind that TXNRD1 will
most likely not be highlighted in such analyses. As additional experi-
mental control, we performed the PISA assay protocol using B16-F10
lysate supplemented with NADPH. We added NAPDH to the cell lysate in
both treated and control samples in one of the PISA analyses, in order to
keep the activity of NADPH-dependent enzymes, allow for
NADPH-dependent reduction of TXNRD1 with exposure of its Sec res-
idue, and particularly to allow for possible pro-oxidant NADPH oxidase
activities of inhibited TXNRD1 turned into SecTRAPs [34,58].

As expected, we detected no significant difference in the direct
TXNRD1 thermal stability/solubility for the three compounds in PISA
analyses in cells, lysate or lysate supplemented with NADPH (Supple-
mentary Table 4). However, the combined analyses highlighted other
known targets of AF, as well as previously unknown potential targets of
AF, TRi-1 and TRi-2 (Fig. 5A, B and C). Notably, we detected stabiliza-
tion of CCS, GLOD4, RRM1 and GAPBP1 upon AF treatment; these
proteins have also been highlighted in the TPP analysis presented in our
previous work [12]. For the sake of presentation, in Fig. 5 we have only
annotated a few of the proteins showing altered stability/solubility in
the volcano plots but the exhaustive list of the PISA hits for the three
compounds, as well as the mean fold change against DMSO control and
p-value for all proteins quantified in the experiments, can be explored in
Supplementary Table 3.

To combine the results of the three PISA assays and determine po-
tential target hits, we tailored our analyses for three different experi-
mental setups, with the different versions of PISA that we have used
being complementary but also harboring fundamental differences. In
experiments using intact cells, direct inhibition of a protein target can
often lead to downstream effects leading to potential false positives
(with regards to identification of possible direct targets). Any drug can
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also be metabolized in cells, with the metabolites having additional ef-
fects. With PISA in cell lysates, such effects are attenuated due to the
dilution of proteins and metabolites, and in that case there are also no
cellular compartments or metabolic effects that can affect the result.
However, using cell lysates increreases the risk of false positive hits due
to the lack of organellar compartmentalization. Finally, the use of cell
lysate supplemented with NADPH allows for support of redox active
enzymes using NADPH, such as TXNRD1, thus leading to a potential
detection of additional NADPH-dependent and TXNRD1-or SecTRAP-
activity related target effects. All these factors can potentially trigger
either false positives or false negatives, which needs to be considered.
Thus, we added an additional fold change cutoff and identified as target
hits only proteins shifting significantly (p-value <0.05 and log2 fold
change > abs(log2(1.2))) in at least two PISA experiments (either in
cells, lysate, or lysate supplemented with NADPH) for each of the drugs
(Fig. 5C).

AF gave 38 target hits including GPX1, a selenoprotein and a known
direct target of the AF at least when used at high concentrations [17].
GPX1 showed significantly altered thermal stability in all PISA assays
with AF with p-value < 0.05, however in the experiment with intact cells
the fold change was lower than in lysate and lysate with addition of
NADPH; this difference was likely due to the influence of the cellular
environment. Thus, GPX1 did not pass our criteria for the PISA assay in
the experiments with cells but is still highlighted as a target hit using our
cut-off approach. Conversely, we detected stabilization of HMOX1 in all
PISA assay performed in cells, but it was not highlighted as significant in
any of the lysate experiments for any of the drugs (either with or without
NADPH) and thus HMOX1 was not considered as a target hit. Its stabi-
lization in cells is probably due to downstream effects of TXNRD1 in-
hibition in a cellular context, as also seen in the FITEXP results shown
above. It has also previously been shown that HMOX1 expression is
upregulated by the loss of TXNRD1 activity [59]. These observations
collectively suggest that our analyses offer sufficient flexibility to
include potential false negative hits while keeping stringency to lower
the number of false positive hits, and the results can yield additional
insights into the effects of TXNRD1 targeting when considering the
specific results of each experimental setup in the PISA analyses.

Other relevant target hits of AF included GSK3A, GSK3B, MCMBP
and EEFSEC (Supplementary Table 3). Both GSK3 proteins affect a
multitude of cellular pathways, including glycogen synthesis, WNT
signaling and inflammation [60]: e.g., GSK3 inhibitors have
anti-inflammatory properties [61]. Thus, AF anti-inflammatory prop-
erties might originate at least in part from the inhibition of GSK3A and
GSK3B. MCMBP is stabilized upon AF treatment in the three PISA assays
(Supplementary Fig. 4A). On the contrary, most members of the MCM
complex family (Mcm2-7) are destabilized. MCMBP is important for
DNA replication initiation and elongation, and acts as a chaperon for
Mcm?2-7 [62] that can dissociate the MCM complex, likely by destabi-
lization of the individual subunits [63]. Previous studies have shown
that proteins in complex have higher thermal stability than their
dissociated counterpart [64]. Recently, Boullosa et al. [65] have shown
that AF increases DNA damage in cancer cells. Lower activity of MCMBP
leads to genome instability and increased DNA damage [62,66]. Our
data could thereby suggest that destabilization of the MCM complex
members stems from AF binding to MCMBP, resulting in increased DNA
damage over time. Finally, one of the target hits of AF was EEFSEC
(Fig. 5B and C, Supplementary Table 3). EEFSEC is the translation factor
responsible for incorporation of selenocysteines into selenoproteins
[67]. Selenium depletion leads to global decrease in expression of
selenoproteins [68-70] while selenium supplementation prior to AF
treatment at low doses was shown to attenuate cell lethality [71].
EEFSEC was specifically downregulated with a ranking of 4126 out of
4377 proteins in OPLS-DA of AF against TRi-1 and TRi-2 (Supplemen-
tary Table 4). Thus, inhibition of EEFSEC could explain the down-
regulation of selenoproteins after 48 h of treatment through lower
efficiency in the incorporation of selenocysteines into selenoproteins as



P. Sabatier et al.

Redox Biology 48 (2021) 102184

8+ oTxnl1 1 1 5. Akr1b8
| Glod4 ! ©
1 o 1
Nhirc2 ] | O Nars
s s 1 | 4. Anp32b
7 1 | 8§
° 'L & Hspalb 1 OAkr1b10
B} Rrm1
E MéZ | 8 09 Ubat ! 3 oHmox1
T Dus3l ! Ces. O Hmox1 ! Hmox1
& 4 Mk © @ Membp ° | o ) Akr1b7
s et IB;?mgFﬁbpm . 2 § E230008n13rik _— -
3 A | Abcf2 P Bzw1 O
: Tyro - Ppfiad 8 T;pq:?) ©ORogdi Cacul1© al
Bace1 -pﬁaog,\/lkg Gherd R R Xree1® o ___.
e s
it G0 SRS Ldate ]
0 d 0
] ]
-2 -1 0 1 2 . 0 B 0
log2(Auranofin in cell / DMSO) log2(TRi-1 in cell / DMSO) log2(TRi-2 in cell/ DMSO)
: Gnb2I1 1 Akr1bg
! ® 8 | L)
Eefsec
| @ I
6 1 1
| 1
| gskab 6 , Akr1b7
—~ ) Sep15 o
0 I ° 5!
g 44 f Pipn12 y Mihfd1
Z ° ®f
S Akr1b10
§7 ad1
T 'Cnbp
24
@®Bcat1 Apob Mtx1
04
T T | T T T T T
-2 -1 0 1 2 0 1 il 2
log2(Auranofin in lysate / DMSO) log2(TRi-1 in lysate / DMSO) log2(TRi-2 in lysate / DMSO)
C Phgdh
| Ckb 1 Ublcp1 |
Tradd I 6 - ) i e OHat! ® :
1 1 gl
N Gne ; .Han b oo, ;
: ®Pafahib3 o o 0!t i o
[ Py " e ;“
ot | Ublop i & 80 8 o hame Resiz o1
=~ \ g 3 €
g, "o 5. | o ‘eGskab Aldh18a1 @ Ppexs
© 4 > Cd
z Agl @ I @AIdh18at o P eAcsit s ®
2 ) % Rabsb M gt Mithfd1
g Sef 0@ Texg 24 Sarnp o
[ Gapdhif 2 1 s Pidk2b sumo1 Pl e, O
rome S ®0e05 | Trshd @ RemTrY ©_________
AP £ | CC e SRR Gatoes ST
Histth1e S 4
g
0+ 04 04
T T | T T T } T T T 1 T T
= =1 0 1 2 -1 0 1 ke -1 0 gl 2
log2(Auranofin in lysate + NADPH / DMSO) log2(TRi-1 in lysate + NADPH / DMSO) log2(TRi-2 in lysate + NADPH / DMSO)
D Auranofin TRi-1 TRi-2
Cell Lysate Cell Lysate Cell Lysate
45 5 61 Eille 1 10 45 2 83
. (] - 0 . (' . 0 . 0 . (] = 0 . 0 . 0
7 | 1l 23.2% TleLakk 0.3% 2 18.6% 0.9% 38.6%
6 10 il
2.3% 2.5% 0.5%
il 55/ 55
45.2% 13.8% 25.6%

Lysate + NADPH

Lysate + NADPH

Lysate + NADPH

Fig. 5. PISA highlights the broader target landscapes of auranofin and TRi-2 compared to that of TRi-1. (A) PISA assay in cells for AF, TRi-1 and TRi-2 against
DMSO treatment. (B) PISA assay in cell lysates for AF, TRi-1 and TRi-2 against DMSO treatment. (C) PISA assay in cell lysates supplemented with NAPDH for AF, TRi-
1 and TRi-2 against DMSO treatment. (D) Venn diagrams of target hits having p-value <0.05 and log2 FC >abs(log2(1.2)) in at least one PISA experiment. N = 4 for
each experiment; p-value were calculated using a two-sided paired Student’s t-test, significant proteins were the most outliers with p-value <0.05.

10



P. Sabatier et al.

part of the AF cytotoxic effect.

Among the 15 TRi-1 target hits, only OXNAD1 and PRDXS3 are clearly
linked to redox mechanisms. TRi-2 on the contrary had 37 target hits,
including aldo-keto reductase family 1, member B8 (AKR1B8) as a
protein that passed the cutoff in all PISA experiments (Fig. 5D, Supple-
mentary Fig. 4B). Two other members of the aldo-keto reductase (AKR)
family 1, AKR1B7 and AKR1B10 were also significantly shifting in PISA
assays in both intact cells and lysate (Fig. 5D, Supplementary Fig. 4B).
AKR1B1 showed a slight shift in cell experiments but only passed our
selection criteria in the PISA assay in lysate (Supplementary Fig. 4B).
These enzymes are NADPH-dependent oxidoreductases involved in
various cellular function and have been implicated in several diseases
and in cancer onset, as well as in resistance to therapy [72,73]. Devel-
opment of AKR inhibitors is underway and data highlight the utility of
such compounds in diabetes, inflammation, in specific types of cancer
and even in heart valve calcification [74-79]. Our data thus suggest that
TRi-2 is an AKR inhibitor, in addition to being a TXNRD1 inhibitor,
possibly thereby increasing the potential and versatility of the com-
pound for usage in targeted therapies for several diseases. Since inhi-
bition of AKRs has shown anti-cancer effect, this could also help to
explain the higher potency of TRi-2 in cancer cells, in terms of effica-
cious concentrations, when compared to TRi-1.

Proteins that were present as target hits with several of the com-
pounds include peroxisome assembly factor 2 (PEX6) which showed
high stabilization in all treatments. However, the repeatability of this
result among the replicates was low, and it did not have a significant p-
value in TRi-2 and lysate experiments in all drugs. Altered thermal
stability of PEX6 could come from an abnormal melting behavior of the
protein and the lack of reproducibility as it is a membrane protein and
warrants caution in whether these drugs really bind to it and modulate
its activity. Splicing factor 45 (SPF45) was significantly shifting in both
PISA assays in lysate and lysate + NADPH for both AF and TRi-2.
Interestingly, histone acetyltransferase 1 (HAT1) was shifting in both
PISA assays in lysate and lysate + NADPH for TRi-1 and TRi-2 and both
drugs show downregulation of nucleosome, nucleosome assembly and
nuclear euchromatin after 48 h of treatment. However, since HAT1 was
not shifting in PISA assay in lysate, it could be a downstream effect of the
treatments.

Overall, our PISA analyses showed that AF had the highest number of
target hits (38) followed by TRi-2 (37) and TRi-1 (15), again showing
how AF has the broadest target landscape of these three compounds. It
should, finally, be noted that TRi-1 led to significantly more shifts in
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lysate when NADPH was added (cf. Fig. 4B and C), which indeed could
potentially be explained by the induction of SecTRAP activity in
TXNRD1 inhibited by TRi-1 [17], which should lead to oxidation of
downstream targets in the presence of NADPH, while direct TRi-1 target
proteins are very few apart from TXNRD1. This result also corroborates
our findings of a large proportion of inactive TXNRD1 protein formed in
cells, likely being SecTRAPs, following TRi-1 treatment (Fig. 2I).

3.7. Redox proteomics highlights early effects of TXNRD1 inhibition and
oxidative stress on the translation machinery and on cell metabolism

To compare the effects of each treatment on cysteine oxidation
patterns in proteins of certain cellular pathways, we next performed
pathway analyses of the proteins that had peptides showing significant
increases or decreases in oxidation levels in B16-F10 cells treated with
AF, TRi-1 or TRi-2 as compared to DMSO control (Fig. 6). Surprisingly,
most of these pathways were common between the three drugs (Sup-
plementary Table 6). Additionally, the correlation of peptide oxidation
percentages was rather similar between TRi-2 and AF, TRi-1 and AF and
TRi-1 and TRi-2, with r of 0.57, 0.53 and 0.51, respectively. However,
the magnitudes of the changes in oxidation levels after treatment with
TRi-1 were much lower than with AF or TRi-2. These findings demon-
strate that the general cysteine-containing peptides targets of oxidation
are similar between the tested compounds, and that such oxidation af-
fects similar pathways, which were particularly related to translation
and energy metabolism. Since only TRi-1 inhibits TXNRD1 activity after
3 h of treatment at IC50, the higher cysteine oxidation triggered by AF
and TRi-2 could likely originate, at least in part, from off-target effects
beyond TXNRD1 inhibition and could likely involve mitochondrial tar-
geting. Both AF and TRi-2 had multiple oxido-reductases as target hits in
the PISA analyses, suggesting that inhibiting these additional proteins
may have contributed to an increased oxidative stress in the cells.
Further, this finding may also suggest that interactions of AF and TRi-2
with these additional oxidoreductases could indirectly trigger early
compensation mechanisms, such as more potent NRF2 activation upon
AF treatment in B16-F10.

The GO biological processes that were the most enriched were

» »

“aerobic respiration”, “translation”, “protein folding”, “cell-cell adhe-
sion”, “cellular response to inteleukin-4 “and “glucose metabolic pro-
cess” (Fig. 6). All of these pathway perturbations were represented by
several protein aberations in the different treatments, apart from

“cellular response to interleukin-4” that was represented by only a few
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proteins. Overall, the AF, TRi-1 and TRi-2 compounds affected similar
proteins in terms of these analyses of increased cysteine oxidation on a
proteome level.

4. Conclusions

We have here studied the effects on the cellular proteome of three
anticancer drug lead compounds that all target TXNRD1. Of these
compounds, AF is a known pan-TXNRD inhibitor with several other off-
targets, while TRi-1 and TRi-2 were recently selected as top hits from
directed TXNRD1 inhibition screenings [17] and have hitherto been
considered to be more specific TXNRD1 inhibitors than AF. Our results
confirm that TRi-1 and TRi-2 are indeed more specific inhibitors of
TXNRD1 than AF, with TRi-1 seemingly having the least off-targets out
of the three compounds. In addition, only TRi-1 seems to rely heavily on
early TXNRD1 inhibition for its anticancer effects, at least in the two
mouse cell lines analyzed here, while auranofin and TRi-2 showed later
effects on TXNRD1 activities suggesting that for these two compounds
other protein targets could be more likely to contribute to cell death
along with the TXNRD1 inhibition.

Capitalizing on the ability of the three drugs to inhibit TXNRD1, we
studied target-specific, as well as off-target features of each treatment.
AF was, surprisingly, the only compound of the three triggering a strong
NRF2 response at IC50 for 48 h treatments, suggesting that TXNRD1
targeting as such is perhaps not sufficient to trigger a strong NRF2
response. Since previous studies have suggested that this would be the
case [56], this is an intriguing finding that needs to be further
scrutinized.

The PISA analyses highlighted EEFSEC, GSK3A and GSK3B and
MCMBP as target hits of AF, which would explain at least in part the
downregulation of selenoproteins, metabolic effects, anti-inflammatory
effects and DNA damages that are typically and specifically observed
upon AF treatment. These processes have been previously described in
AF treatment, but their molecular foundations have remained elusive
[47,65]. TRi-2 target hits were here found to also include four members
of the aldo-keto reductase family, thus potentially increasing the ther-
apeutic potential of this compound in therapies targeting these enzymes
and in other diseases than cancer [80]. Target hits for TRi-1, which may
be downstream oxidized proteins following formation of SecTRAPs,
included OXNAD1 and PRDX3, two redox-related enzymes. Taken
together, our data as presented here can be used as a foundation to
investigate specific effects of TXNRD1 inhibition, as well as to better
understand AF-induced effects on the cellular proteome that may not
necessarily be due to TXNRD1 targeting. With our model system being
two mouse-derived cancer cells lines, the results should also help to
further understand the in vivo effects in mouse tumor models used for the
evaluation of TXNRD1 inhibitors as anticancer drug leads.

Considering our experimental strategy in general, we have demon-
strated here that a combination of chemical proteomics approaches is
not only useful in drug target deconvolution, but also helpful for
studying the target landscape of drugs in general. The results of this
study yielded much broader information on the mechanisms of action of
AF, TRi-1 and TRi-2, rather than merely confirming that these three
compounds bind to and inhibit TXNRD1 [11,12,17]. Furthermore, we
used a combination of chemical proteomics methods and a combination
of drugs having one target in common, to deconvolute and distinguish
effects that are solely due to inhibition of the known target from those
being individual drug-specific effects. Thus, the experimental strategy
used herein can serve as a blueprint for future chemical proteomics
studies aimed at elucidating drug mechanisms of action.
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