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C A N C E R

Irreversible TrxR1 inhibitors block STAT3 activity 
and induce cancer cell death
S. Busker1, W. Qian2, M. Haraldsson3, B. Espinosa1, L. Johansson3, S. Attarha4, I. Kolosenko5*†, 
J. Liu6, M. Dagnell1, D. Grandér5‡, E. S. J. Arnér1, K. Pokrovskaja Tamm5, B. D. G. Page4,7§

Because of its key role in cancer development and progression, STAT3 has become an attractive target for develop-
ing new cancer therapeutics. While several STAT3 inhibitors have progressed to advanced stages of development, 
their underlying biology and mechanisms of action are often more complex than would be expected from specific 
binding to STAT3. Here, we have identified and optimized a series of compounds that block STAT3-dependent 
luciferase expression with nanomolar potency. Unexpectedly, our lead compounds did not bind to cellular STAT3 
but to another prominent anticancer drug target, TrxR1. We further identified that TrxR1 inhibition induced Prx2 
and STAT3 oxidation, which subsequently blocked STAT3-dependent transcription. Moreover, previously identi-
fied inhibitors of STAT3 were also found to inhibit TrxR1, and likewise, established TrxR1 inhibitors block 
STAT3-dependent transcriptional activity. These results provide new insights into the complexities of STAT3 redox 
regulation while highlighting a novel mechanism to block aberrant STAT3 signaling in cancer cells.

INTRODUCTION
Signal transducer and activator of transcription 3 (STAT3) is a cyto
solic transcription factor that is activated in response to cytokine and 
growth factor stimulation (1). STAT3’s activity is mediated by post
translational modifications including phosphorylation, acetylation, 
and reduction/oxidation (redox) processes (2). In healthy cells, these 
posttranslational modifications ensure that STAT3 signaling is tightly 
regulated, resulting in transient STAT3 activation under physiological 
conditions (3). However, STAT3 signaling is commonly deregulated 
in cancer cells leading to constitutive STAT3 activation (phosphoryl
ation of Tyr705) and overexpression of STAT3 target genes. Among 
many upstream regulators of STAT3 activity, aberrant STAT3 signal
ing is commonly linked to activating mutations in tyrosine kinases 
and/or from an abundance of cytokines and growth factors in the 
tumor microenvironment (4, 5). Tyr705 phosphorylation induces 
the formation of the transcriptionally active phosphorylated STAT3 
(pSTAT3) dimer, which translocates to the nucleus and binds con
sensus DNA sequences to initiate target gene expression (3).

In cancer cells, aberrant STAT3 activity drives the expression of 
genes that promote the cancer phenotype, including proliferation, 
metabolic changes, apoptosis avoidance, angiogenesis, and immune 
system evasion (6, 7). Elevated STAT3 activity is critical for cancer 
cells, which become addicted to high levels of protumorigenic 
and antiapoptotic factors, making them sensitive to disruptions in 

STAT3 signaling (8). The requirement for STAT3 activation is specific 
to cancer cells, as healthy cells can survive in the absence of STAT3 
signaling (6, 8). These characteristics have contributed to STAT3’s 
popularity as a target for developing novel cancer therapeutics.

While STAT3 is a promising anticancer drug target, it is a very 
difficult protein to inhibit using traditional druglike molecules. 
This is because STAT3 lacks an enzyme active site where inhibitors 
would normally bind (9). Instead, STAT3’s activity is mediated by 
proteinprotein and proteinDNA interactions that involve large, 
relatively flat regions of the protein’s surface (3). Compared to more 
traditional drug targets that contain welldefined binding pockets, 
the development of inhibitors that selectively bind to STAT3’s inter
action interfaces is a formidable challenge (10).

Despite this, a wide range of small molecules have been published 
as direct binders of STAT3 protein (3, 10). In general, these inhibitors 
can interfere with purified STAT3 protein in biochemical assays, such 
as the fluorescence polarization assay, electrophoretic mobility shift 
assay, and enzymelinked immunosorbent assay (ELISA) (3, 11, 12). 
Many of these compounds also inhibit STAT3 signaling in cells, as 
typically demonstrated by characterizing changes in STAT3 phos
phorylation, blocking STAT3dependent gene expression, or inhibit
ing other STAT3related cellular processes (3, 11). However, for some 
STAT3 inhibitors, it is becoming more and more apparent that direct 
STAT3 binding in vitro and inhibition of STAT3dependent gene 
expression in cells may not be directly linked. Although many STAT3 
inhibitors can effectively bind pure recombinant STAT3 protein, the 
effects in cells may be more complex than relating to specific bind
ing to cellular STAT3 protein. As with any drug target, carefully 
validating that experimental inhibitors bind to the intended target 
in cells and tissues is critically important for understanding their 
underlying mechanism of action. While, classically, this has been a 
difficult challenge for drug discovery researchers, the expanded use 
of target engagement techniques in the drug discovery process has 
greatly facilitated this process (13).

Many early STAT3 inhibitors, including Stattic (14), BP1102 
(15, 16), and S3i201 (17), claimed to bind to STAT3’s Src homology 2 
(SH2) domain, a key functional domain that mediates interactions 
with activated receptors and the formation of the pSTAT3 dimer. 
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These early inhibitors have been broadly used to explore STAT3 
biology. However, several recent publications have highlighted 
that they are reactive compounds, capable of covalently modifying 
several cysteine (Cys) residues on STAT3 protein and possibly on other 
targets (18–20). Although they are reactive compounds, whether 
they engage STAT3 in cells remains uncertain, BP1102, Stattic, and 
S3i201 all inhibit STAT3 signaling in cancer cells (14–17), thus sug
gesting a possible link between electrophilic compounds and STAT3 
biology.

Electrophilic small molecules are proposed to react with exposed 
Cys residues on STAT3 (18), which have important roles in con
trolling STAT3’s transcriptional activity (2). Redox regulation of 
STAT3 also occurs via oxidation and reduction of these Cys resi
dues, through a redox relay involving peroxiredoxin2 (Prx2) and 
thioredoxin1 (Trx1) (21). Prx2 is an important messenger pro
tein for oxidative stress and can modify several downstream protein 
targets by oxidizing exposed Cys residues (21). Trx1 has an op
posing role and reduces oxidized cellular components modulating 
their activity (21). STAT3 was recently identified as a downstream 
target of Prx2 signaling and was found to be rapidly oxidized by Prx2 
following induction of oxidative stress using H2O2 (21). Oxidation 
of STAT3 induces the formation of nonphosphorylated, disulfide 
linked STAT3 dimer, which is transcriptionally inactive (21). To 
regain its transcriptional activity, oxidized STAT3 dimers must be 
reduced by Trx1, which regenerates reduced STAT3 monomers and 
oligomers that are not linked via disulfide bonds (21). The reduced 
Trx1 pool is maintained by the cytosolic selenoprotein thioredoxin 
reductase 1 (TrxR1), which uses NADPH (reduced form of nicotinamide 
adenine dinucleotide phosphate) to reduce oxidized Trx1 (22). No
tably, the selenocysteine (Sec) residue of TrxR1 is up to three orders 
of magnitude more nucleophilic than a typical Cys residue, making 
it highly reactive toward electrophilic species (22).

In cancer cells, inhibition of TrxR1 results in increased oxidative 
stress and accumulation of oxidized Prx2 and STAT3 (21), which 
blocks STAT3dependent transcription. Similar to STAT3, TrxR1 
is essential for cancer cell survival, with cancer cells relying on 
upregulated Trx and glutathione (GSH) pathways to combat the 
oxidative stress induced by their replicative drive and enhanced 
metabolic rate (23). In healthy cells, the GSH system can compensate 
for inhibition of the Trx system, while in cancer cells, both of these 
systems are required (24, 25). Thus, TrxR1 seems to be essential 
in cancer cells but dispensable in healthy cells, thereby making it a 
promising target for novel anticancer drug discovery (22, 23).

The present study explores the effects of novel inhibitors of 
STAT3dependent gene expression that were identified from a high 
throughput screen (HTS) (26). Optimization of hit compounds pro
duced potent inhibitors of STAT3dependent luciferase expression 
with top compounds having IC50 (half maximal inhibitory concentra
tion) values below 1 M. A fluorescently tagged analog of the top com
pounds was used to identify TrxR1 (not STAT3) as the main cellular 
target of these inhibitors, which was confirmed in complementary 
and orthogonal assays. In agreement with the current understanding 
of STAT3 redox regulation (21), TrxR1 inhibition resulted in the 
inactivation of STAT3 through Cys oxidation and formation of the 
oxidized STAT3 dimer. This inhibitory mechanism is extended 
beyond our class of compounds and was found to include some other 
STAT3 inhibitors with electrophilic tendencies, such as Stattic (14, 18), 
which was also found to inhibit TrxR1 activity and compete for 
binding TrxR1 with our fluorescent probe.

RESULTS
Small-molecule inhibitors of STAT3 transcriptional activity
To identify inhibitors of STAT3 transcriptional activity, a cellbased 
STAT3dependent luciferase assay was used to screen 28,000 com
pounds from the Enamine diversity set [reported previously; (26)]. 
Stably transfected A4wt (A4 with wildtype STAT3 reconstituted) cells 
with a STATinducible SIE (sisinducible element) reporter con
struct (A4wtSIE) were stimulated with interleukin6 (IL6) to activate 
STAT3dependent luciferase transcription. In addition to the pre
viously reported inhibitors (26), this HTS also identified a series 
of 4,5 dichloropyridazinone compounds as inhibitors of STAT3 
dependent gene expression. Among the top compounds in this series 
were three compounds with sub–10 M IC50 values in the luciferase 
assay—DG1, DG2, and DG3—depicted in Fig. 1A.

To further explore this class of compounds, we performed a 
structureactivity relationship (SAR) study to optimize their potency 
in the STAT3dependent luciferase assay. As summarized in Fig. 1B, a 
large range of modifications were tolerated within this series, especially 
at the “linker” and “tail” moieties (highlighted in purple and green, 
respectively). The most marked increase in activity was seen when 
groups with electronwithdrawing functionality were appended to 
the nitrogen atom at the 2position of the 4,5dichloropyridazinone 
ring. The 4,5dichloropyridazinone moiety was found to be essential 
for STAT3 inhibitory activity, as modifications to this group were 
not tolerated. Top compounds with sub–1 M IC50 values in the 
STAT3dependent luciferase assay are depicted in Fig. 1C (DG4 to 
DG7). Lead compounds were also counterscreened to ensure that 
they did not directly inhibit the luciferase enzyme or exert toxic ef
fects in cells during the short (5hour) time course of the luciferase 
assay experiments (fig. S1, A to C). Inhibition of STAT1dependent 
luciferase stimulated with interferon (IFN) in STAT3deficient 
A4SIE cells was also assessed (Fig. 1D and fig. S1D). Top compounds 
more potently inhibited STAT3dependent luciferase, with a selec
tivity between 10 and 44fold compared to the STAT1dependent 
luciferase assay (Fig. 1E).

To determine whether these compounds displayed cytotoxicity 
in cancer cell lines, top compounds were analyzed using a resazurin 
cell viability assay. Compounds DG4 to DG7 were incubated for 
72 hours with several human cancer cell lines—FaDu, human em
bryonic kidney (HEK) 293, A549, HCT116, and DLD1—as well as 
noncancerous CCD841 colon epithelial cells and BJ fibroblasts 
(Fig. 1, F and G). DG4 and DG5 were potently cytotoxic in these 
cell lines, followed by DG6 and, last, DG7, similar to their efficacy 
profiles in the luciferase assay. The cytotoxicity toward the different 
cell lines was similar for all four compounds. CCD841 and BJ cells 
were less sensitive compared to most cancer cell lines; however, the 
A549 cells were the least sensitive to the compounds.

Under the suspicion that the 4,5dichloropyridazinone core may 
impart electrophilic reactivity to these compounds, we assessed 
their ability to react with pure GSH in vitro using a 5′5dithiobis 
(2nitrobenzoic acid) (DTNB) reporter assay (fig. S1E). Compounds 
were incubated with GSH for the time points indicated, followed by 
DTNB addition to assess the remaining amount of free thiols. 
DTNB reacts with free thiols to produce free 5thio2nitrobenzoic 
acid (TNB), which can be detected by absorbance at 412 nm (A412). 
DG4 to DG7 all decreased the levels of free thiols in a timedependent 
manner, suggesting that they could indeed react with GSH (fig. S1E). 
This reactivity was confirmed using liquid chromatography–mass 
spectrometry (LCMS) experiments, which confirmed that GSH could 
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Fig. 1. 4,5-dichloropyridazinone compounds as inhibitors of STAT3-dependent transcription. (A) Top compounds from the HTS campaign having the 
4,5- dichloropyridazinone core structure. Luciferase IC50 values are reported as an average of two experiments conducted in triplicate. (B) Summary of structure- activity 
relationship (SAR) study to explore the activity of top compounds. Modifications to the “pyridazinone” moiety (blue) were generally unfavorable, as these compounds 
lost STAT3 inhibitory capacity, whereas variations on the linker (purple) could increase the potency of the compounds, and several different linkers were tolerated. 
The tail moiety (green) was quite versatile and could incorporate a large range of functionalities. (C) Four of the most potent compounds from the SAR study, DG-4 to 
DG-7. (D) Bar graphs of IC50 values for the top four DG compounds for STAT3- and STAT1-driven luciferase assays. IFN, interferon . (E) Table describing the IC50 values 
shown in (D), together with fold selectivity for each compound. (F) Resazurin cell viability assays of top inhibitors against several cancer and noncancerous (CCD841 and BJ) 
cell lines. Compounds were incubated with cells for 72 hours at a concentration range of 0.78 to 100 M (twofold dilutions); then, resazurin (0.02 mg/ml) was added, and 
resofurin fluorescence was measured after an additional 5 hours of incubation. Fluorescence values were normalized to DMSO (dimethyl sulfoxide) and media controls, and 
the resulting points were fit to a nonlinear variable slope curve (four parameters). HEK293, human embryonic kidney–293. (G) IC50 values from the dose-response cell 
viability experiments shown in (F).
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replace both of the chlorine atoms on the 4,5dichloropyridazinone 
ring, as illustrated in fig. S1F.

On the basis of this reactivity, we were concerned that these com
pounds may nonspecifically react with multiple cellular components 
and thus induce toxic effects in cells by nonspecific mechanisms. This 
was especially pertinent, as analogs of the 4,5dichloropyridazinone 
core that were not electrophilic failed to inhibit STAT3 activity in 
the luciferase assay (Fig. 1B).

To further investigate the electrophilic nature of this series and 
to probe the selectivity of lead agents, we synthesized an analog of 

our top compounds that contained a fluorescent dansyl moiety 
(DG8; Fig. 2A). DG8 also had potent activity in the STAT3 luciferase 
reporter assay (IC50 = 980 nM; Fig. 2B). Thus, we next aimed to use 
DG8 as a fluorescent probe to identify any prominent cellular interac
tion partner(s) for the 4,5dichloropyridazinone series of compounds.

Protein target engagement using a fluorescently  
tagged compound
First, to investigate whether DG8 could interact with STAT3 protein 
in vitro, we incubated it with recombinant STAT3 proteins that 
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Fig. 2. DG-8, a fluorescent 4,5-dichloropyridazinone probe for target identification and specificity. (A) The chemical structure of DG-8, which incorporates many 
characteristics of the top compounds from the SAR study. (B) STAT3-dependent luciferase assay data showing DG-8 is a potent inhibitor of STAT3-dependent transcrip-
tion (IC50 = 0.98 M). (C and D) DG-8 (0.5 to 50 M) was incubated with 5 g of two recombinant STAT3 protein truncations STAT3127–688 (C) and STAT3127–465 (D) for 30 min, 
then run on an SDS–polyacrylamide gel electrophoresis (SDS-PAGE) gel, and analyzed for dansyl fluorescence. The dye front is representative of the amount of DG-8 used 
in each sample. (E) DG-8 (0.5 to 50 M) was incubated with A549 cell lysates for 30 min, and the protein content (30 g) was analyzed by SDS-PAGE and dansyl fluores-
cence. A single fluorescent band was detected with a molecular weight (MW) of approximately 55 kDa (gray arrow). (F) DG-8 (0.1 to 10 M) was incubated with A549 cells 
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fluorescent band was detected at approximately 55 kDa (gray arrow). (G) Recombinant TrxR1 protein (5 g) was incubated with DG-8 (0.5 to 50 M) in the presence or 
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A ~55-kDa fluorescent band is detected only in the presence of NADPH, indicating that DG-8 reactivity with TrxR1 is dependent on NADPH, which is consistent with 
binding to the Sec residue of TrxR1 (23). (H) To assess whether the ~55-kDa band might be a Sec-containing protein, A549 cells were incubated for 72 hours with sodium 
selenite (25 to 100 nM) to promote Sec incorporation into cellular selenoproteins or SPO3 (0.25 to 1 mM) to induce Sec-to-Cys substitution (29). The cells were then lysed 
and treated with DG-8 (5 M) for 30 min at room temperature. The resulting sample containing 30 g of protein lysates was run on an SDS-PAGE gel (reducing conditions) 
and analyzed for dansyl fluorescence. Bands occurring at ~55 kDa were quantified and plotted as bar graphs (*P < 0.05, n = 2). Band intensities were normalized to the 
sample containing 25 nM selenite, as this was the concentration used throughout this work to ensure adequate selenium supplementation.
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contained or excluded the SH2 domain [STAT3127–688 and STAT3127–465, 
respectively (12)]. These truncations were used because of difficulties 
producing and working with recombinant fulllength protein and 
to assess whether the compound was able to bind preferentially with 
the SH2 domain of STAT3, which is a primary target for many 
known STAT3 inhibitors (12). The resulting mixtures were analyzed 
by SDS–polyacrylamide gel electrophoresis (SDSPAGE), and the 
dansyltagged proteins could be detected under ultraviolet (UV) ex
citation, as illustrated in Fig. 2 (C and D). DG8 could covalently 
modify both recombinant STAT3127–465 and STAT3127–688 in a 
concentrationdependent manner, indicating that DG8 could directly 
derivatize pure STAT3 in vitro.

To next assess whether STAT3 was the primary target of these 
compounds in cells, we sought to use DG8 to fluorescently tag any 
interaction partner(s) in cell lysates and intact cells. A549 cell lysates 
were treated with increasing concentrations of DG8, and the cellular 
protein content was subsequently run on an SDSPAGE gel, with any 
derivatized proteins visualized using the dansyl fluorescence under 
broad UV excitation. A549 cells were selected because they were the 
least sensitive cell line for our inhibitors and thus were more likely to 
tolerate exposure to higher concentrations of the probe. Somewhat 
unexpectedly, DG8 appeared to bind a single detectable protein 
target with a molecular mass of ~55 kDa, noticeably distinct from 
endogenous STAT3 protein, which runs at ~85 kDa (Fig. 2E). Treat
ment of live A549 cells in culture also led to the appearance of a 
single band at ~55 kDa but no noticeable band at ~85 kDa that would 
have corresponded to endogenous STAT3 (Fig. 2F). In an attempt to 
identify the protein corresponding to the ~55kDa band, we isolated 
the band from the gel, performed a tryptic digest, and analyzed the 
contents using MS. Unfortunately, no masses could be identified that 
would correspond to peptides with the added molecular weight of 
DG8. Thus, we turned our attention to the scientific literature and 
performed extensive searches based on the structures identified from 
our HTS. These searches identified a highly similar compound that 
is a known TrxR1 inhibitor (having a 4,5dichloropyridazinone group, 
appended to an oxadiazole linker, and an aromatic group at the tail 
position, as shown in fig. S1G) (23, 27). This compound was nearly 
identical to DG2 and highly similar to the other compounds from 
our SAR study. TrxR1, furthermore, has a molecular weight of ~55 kDa 
and has a Sec residue that is highly nucleophilic (22). TrxR1 peptide 
fragments were also detected in the sample taken from the fluores
cent band, although we could not detect the mass of the Seccontaining 
peptide or any other TrxR1derived peptides with the added weight 
of DG8.

We therefore tested the ability of DG8 to modify recombinant 
TrxR1 in its reduced and oxidized states. NADPH is required to re
duce the selenenylsulfide in oxidized TrxR1, which unleashes the 
nucleophilic activity of the Sec residue (22). Without reduction by 
NADPH, the Sec residue of TrxR1 is locked in a nonreactive state where 
it cannot be derivatized with electrophilic compounds. DG8 could 
bind recombinant TrxR1 in the presence of NADPH but failed to 
bind in the absence of NADPH, as shown in Fig. 2G, using SDSPAGE 
and visualization of the proteinbound dansyl fluorescence.

TrxR1 as the target of 4,5-dichloropyridazinone compounds
To investigate whether the cellular ~55kDa band was a Seccontaining 
protein, we used incubation of the cells with thiophosphate (SPO3) 
to promote Cys insertion at Secencoding UGA codons in A549 
cells. This approach has previously been used to drive Cys insertion 

in place of Sec in TrxR1 and thereby reduce its nucleophilic character 
(28, 29). As expected, culturing of the cells in higher concentrations 
of SPO3 decreased the binding of the fluorescent probe to the ~55kDa 
band in the corresponding cell lysates (Fig. 2H). This finding 
strongly suggested that this band represents a Seccontaining pro
tein, as non–Seccontaining proteins would not be altered upon 
incubation with SPO3. Notably, the intensity of the fluorescent band 
was not increased with statistical significance upon the incubation 
with higher sodium selenite concentrations, typically used to ensure 
that adequate levels of selenium for selenoprotein synthesis are pres
ent in the cell culture media. This indicated that Sec incorporation 
was already at a maximum under our standard cell culture condi
tions (Fig. 2H). The only selenoproteins that were detected in the 
mass spectrometric analysis of the fluorescent band were cytosolic 
TrxR1 and mitochondrial TrxR2 (both proteins having similar 
molecular weights), suggesting that either one or both of these 
two selenoproteins had been derivatized.

To confirm that our top compounds could also bind to this ~55kDa 
band, we next performed competition assays with our top inhibitors 
in A549 cell lysates (Fig. 3, A to C). DG4 and DG6 were both able to 
potently outcompete the fluorescent probe in binding to the ~55kDa 
band; however, DG7 only outcompeted the probe at the highest 
concentration (50 M). In line with these results and under the sus
picion that this band may correspond to TrxR1, we tested whether 
the previously described TrxR1 inhibitors TRi1, TRi2, TRi3, and 
auranofin (23) could also compete with DG8 for binding. While 
TRi1 and auranofin potently outcompeted the probe, TRi2 was 
unable to do so, and TRi3 only decreased the fluorescence at high 
concentrations (50 M) similar to DG7 (Fig. 3, D to G).

We subsequently sought to analyze whether other known STAT3 
inhibitors might also compete with DG8 for binding to the ~55kDa 
protein in cell lysates. We used two classic STAT3 inhibitors that 
have recently been highlighted for their reactivity and ability to bind 
Cys residues on STAT3: Stattic (14) and BP1102 (15). While Stattic 
could compete with DG8 for binding, BP1102 was not able to 
compete with the probe (Fig. 3, H and I), suggesting that Stattic, but 
not BP1102, may inhibit STAT3 signaling with the same mechanism 
as demonstrated with our top inhibitors. It was unexpected to us 
that Stattic could compete with DG8, as this band cannot be STAT3 
because of its molecular weight and would rather be TrxR1 (or 
TrxR2). The ~55kDa band in cell lysates also overlaid nicely with 
TrxR1 when comparing the SDSPAGE fluorescence with immuno
blotting for TrxR1 (fig. S4, A to C).

Compounds inhibit TrxR1 function
Cellular TrxR1 inhibitory activity was next analyzed using the 
TrxR1specific Trx1linked insulin disulfide reduction end point 
assay, which does not detect TrxR2 activity because TrxR2 cannot 
reduce Trx1 (30). Briefly, cultured cells were treated with inhibitors 
for 3 hours and then lysed, and TrxR1 activity was assessed in the 
protein lysates. TrxR1 uses NADPH to reduce Trx1, which, in turn, 
reduces the disulfide bonds in exogenously added insulin, which is 
detected using DTNB. If TrxR1 is inhibited, then insulin will not be 
reduced and will thereby not react with DTNB to produce TNB− 
anions, which are detected by A412. This assay demonstrated that 
DG4 and DG5 were potent inhibitors of cellular TrxR1 activity fol
lowing incubation of the cells with the compounds (1 M) (Fig. 4A). 
DG6 and Stattic inhibited approximately 40% of the cellular TrxR1 
activity, while DG7 and BP1102 did not appreciably alter the TrxR1 
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activity. This mirrored the ability of these compounds to compete with 
DG8 for binding to the ~55kDa band well.

Since both TrxR1 and TrxR2 were detected in the fluorescent band 
MS, inhibition of both TrxR1 and TrxR2 was also assessed using re
combinant proteins in enzymatic activity assays in the presence of 
NADPH, where Trx1 (for TrxR1) or Trx2 (for TrxR2) were used to 
reduce insulin (Fig. 4B). Reduction of the corresponding Trx substrate 
is completely dependent on the Seccontaining active site in both 
TrxR1 and TrxR2. The top DG compounds, Stattic and auranofin, 
potently inhibited the activity of TrxR1 in this assay. However, 
auranofin was the only compound that inhibited TrxR2 under these 
conditions. BP1102 did not fully inhibit the enzymatic activity of 
TrxR1, in agreement with its inability to outcompete the fluorescent 
probe (Fig. 3I).

Furthermore, compounds were incubated with TrxR1 either in 
the presence or in the absence of NADPH. Following incubation 
with inhibitors, TrxR1 activity was assessed using DTNB as a direct 
substrate of TrxR1 (30). Prior reduction of TrxR1 by NADPH was 
necessary for the compounds to inhibit the enzyme (Fig. 4C), sug
gesting targeting of its NADPHreduced active site residue(s), most 
likely the highly nucleophilic Sec residue.

Covalent modification of the Sec residue leads to the inactivation 
of the Cterminal active site of TrxR1. However, TrxR1 also has an
other active site with a flavin adenine dinucleotide (FAD) moiety and 
a redox active disulfide/dithiol motif, which can display NADPH 
oxidase activity and redox cycle with substrates such as juglone when 
the Sec residue has been compromised in the enzyme (31). Inhibiting 
the Seccontaining active site, but not the FADcontaining active site, 
can thereby convert TrxR1 into a SecTRAP (seleniumcompromised 
TrxR–derived apoptotic protein), which can lead to additional produc
tion of reactive oxygen species in cells (23, 31). Following incubation 

of TrxR1 with inhibitors and NADPH, TrxR1 lost its ability to reduce 
DTNB, indicating a loss of function of its Seccontaining active site 
(Fig. 4C). However, under these conditions, TrxR1 still maintained its 
ability to consume NADPH coupled to redox cycling with juglone, 
thus indicating the formation of SecTRAPs (Fig. 4D).

In line with these findings, we investigated whether treatment 
with our inhibitors led to increased H2O2 production in FaDu cells 
using the Amplex Red assay (Fig. 4, E and F). Treatment with DG4 
or DG5 led to increasing levels of H2O2, as detected in the culture 
medium, in a time and concentrationdependent manner. Treat
ment with DG6 induced quite low levels of H2O2 production, and 
DG7 induced the lowest levels of H2O2 in this assay setting.

To assess the importance of TrxR1 expression for the effects of the 
compounds on cell viability, we tested mouse embryonic fibroblast 
(MEF) cells expressing wildtype TrxR1 (Txnrd1fl/fl), having a TrxR1 
genetic knockout (Txnrd1−/−) and overexpressing a Sec containing 
active variant of the enzyme (Txnrd1498Sec) (32). Treatment of these 
cell lines gave a similar overall trend in the cell viability assays for all 
four compounds (Fig. 4, G and H). Txnrd1fl/fl cells were more sensitive 
to inhibitor treatment than the Txnrd1−/− cells, indicating that TrxR1 
is important for the activity of these compounds. The Txnrd1498Sec 
overexpressing cells were the most sensitive to the compounds. This 
also supports a SecTRAPdependent mechanism, where the addi
tional Txnrd1 is likely converted to the prooxidant SecTRAP en
zyme species that induce further oxidative stress and can kill the cells. 
DG7 was less potent than other inhibitors in these experiments, in 
accordance with the cellular TrxR1 inhibition and H2O2 production 
results.

Last, to ensure that sufficient levels of selenium were present in 
the cell viability experiments, the effects of adding 100 nM sodium 
selenite were investigated in combination with the top DG compounds. 
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Fig. 3. DG-8 competition assays in A549 cell lysates. (A to C) To investigate whether top DG compounds shared the same target as DG-8, A549 protein lysates (30 g) 
were incubated with DG compounds (0.5 to 50 M) for 30 min and then with DG-8 (5 M) for 30 min. Samples were then run on an SDS-PAGE gel, and DG-8 fluorescence 
was measured using a Gel Doc EZ Gel Documentation System with UV tray. Both DG-4 and DG-5 outcompeted DG-8 for binding at low micromolar concentrations, 
whereas DG-7 was much less potent. (D to G) Established TrxR1 inhibitors TRi-1, TRi-2, TRi-3, and auranofin were assessed in the DG-8 competition assay. TRi-3 is highly 
similar to our lead series of compounds and has a 4,5-dichloropyridazinone group, suggesting that it could have the same molecular target(s) as our top compounds. 
TRi-1 and auranofin inhibit TrxR1 through binding to its Sec residue, whereas TRi-2 is thought to function by a non-Sec binding mechanism. Hence, TRi-1, TRi-3, and auranofin 
could all compete with DG-8, suggesting that this band may correspond to the 55-kDa selenoprotein TrxR1 by covalently reacting with its Sec residue. (H and I) Two popular 
STAT3 inhibitors Stattic and BP1-102 were assessed for DG-8 competition. While both Stattic and BP1-102 claim to be direct binders of STAT3 protein in cells, Stattic showed 
competition with DG-8, indicating that it may share some common STAT3 inhibitory effects as our top DG compounds. BP1-102 was not able to compete with DG-8 for 
binding to the ~55-kDa band. All SDS-PAGE gels were run under reducing conditions, and the fluorescence of the dye front was used to ensure regular loading.
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Fig. 4. Top DG compounds inhibit TrxR1 activity and contribute to TrxR1 inhibitory effects in cells. (A) Cellular TrxR1 activity was analyzed using the insulin end 
point assay (23) following incubation of the indicated compounds (1 M) in cultured FaDu cells for 3 hours. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, n = 3. (B) Inhibition of re-
combinant TrxR1 and TrxR2 proteins were assessed in vitro using an insulin reduction assay, where insulin was reduced by Trx1 and Trx2, respectively. (C) Inhibition of 
TrxR1 activity was assessed in vitro using an enzymatic DTNB assay after 90 min of incubation (23). In the absence of NADPH, the Sec residue of TrxR1 forms a Sec-cysteine 
(Cys) bond and is incapable of reacting with electrophilic compounds; therefore, no inhibitory activity is observed with any of the tested compounds without NADPH. Ad-
dition of NADPH reduces the Sec-Cys bond, releasing the Sec residue so that it can react with electrophilic compounds. Thus, when NADPH is present, strong inhibition of 
TrxR1 activity is detected. (D) Irreversible binding of the Sec residue of TrxR1 leads to the formation of selenium-compromised TrxR–derived apoptotic proteins (SecTRAPs), 
which can be measured by juglone reduction independent of the activity of the Sec residue. Redox cycling of juglone occurs at a distinct site from TrxR1 and will continue 
even in the absence of Sec redox activity. Under the same conditions that generated complete inhibition of TrxR1 activity in the DTNB assay, TrxR1 retained its ability to 
reduce juglone, indicating the formation of SecTRAPs. (E and F) Cellular H2O2 production was measured using the Amplex Red assay. Treatment of FaDu cells with top 
DG compounds led to a time- dependent increase (E) [compounds (0.5 M)] and concentration-dependent (F) increase in cellular H2O2 levels. (G) Top DG compounds were 
assessed in mouse embryonic fibroblast (MEF) cells with altered mouse TrxR1 gene expression (Trxnd1). Resazurin cell viability was assessed following 72 hours of com-
pound treatment and additional 5 hours of exposure to resazurin. TrxR1 knockout cells (−/−) were less sensitive to the top compounds compared to wild type (fl/fl). 
Overexpression of TrxR1 (498Sec) also increased their sensitivity to top compounds. (H) IC50 values for the viability curves shown in (G). (I) IC50 values for CellTiter-Glo cell 
viability of top DG compounds cultured without or with sodium selenite (100 nM) supplemented medium. Cell viability was assessed following 72 hours of compound 
treatment. Diminished compound activity by sodium selenite (100 nM) was only detected in noncancerous CCD841 cells, while for cancer cells, no changes were ob-
served. (J) Known TrxR1 inhibitors TRi-1, TRi-2, TRi-3, and auranofin were analyzed in the STAT3- and STAT1-dependent luciferase assay. To measure STAT-dependent 
transcription, A4wt-SIE cells were stimulated with IL6 (50 ng/ml) and sIL6R (100 ng/ml) for 1 hour, while A4-SIE cells were stimulated with IFN (40 IU/ml) for 1 hour, and 
then, compounds were added for an additional 5 hours, followed by luciferase measurement. (K and L) IC50 values from the experiments described in (J) displayed as a bar 
graph (K) and table containing fold selectivity comparing STAT3 to STAT1 inhibition (L).
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The additional selenium did not affect the viability of FaDu, A549, and 
DLD1 cells with the DG compounds (Fig. 4I and fig. S5), similar to the 
finding with DG8 (Fig. 2H). However, the additional selenium had a 
moderate protective effect in the noncancerous CCD841 cell line with 
approximately two to fourfold higher IC50 values upon selenium sup
plementation (Fig. 4I). These results are in agreement with the high 
basal oxidative stress generation in cancer cells compared to healthy 
cells (33). Selenium supplementation and, thereby, higher activity of 
the Trx system were likely able to compensate the additional oxida
tive stress induction by the top DG compounds in the noncancerous 
CCD841 cells, while in cancer cells, the Trx system is already substan
tially encumbered under the oxidative stress in cancer cells and thereby 
did not benefit from the additional available selenium.

Established TrxR1 inhibitors selectively block  
STAT3-driven transcription
To further explore the relationship between TrxR1 and STAT3 sig
naling, we assessed whether the previously identified TrxR1 inhibi
tors (TRi1, TRi2, TRi3, and auranofin) that outcompeted DG8 
(Fig. 3, D to G) could also inhibit STAT1 and STAT3driven tran
scription. All four TrxR1 inhibitors, indeed, potently blocked STAT3 
dependent luciferase expression, with IC50 values between 1 to 
3 M (Fig. 4J). In comparison, these compounds inhibited the 
STAT1dependent luciferase expression with IC50 values between 5 
and 23 M, resulting in three to eightfold selectivity for STAT3 over 
STAT1 (Fig. 4, J to L).

DG compounds induce oxidative stress leading to  
Prx2/STAT3 oxidation and cell death
To explore the underlying mechanisms leading to STAT3 inhibition, 
HEK293 cells were treated with the top compounds and analyzed 
for STAT3 and Prx2 oxidation. Previous studies with HEK293 cells 
have demonstrated their ability to produce oxidized STAT3 dimers 
following H2O2 treatment in a process dependent on Prx2 (21). 
Treatment of the cells with 10 M DG4, DG5, and DG6 indeed 
induced formation of oxidized STAT3 dimers (Fig. 5A). Somewhat 
unexpectedly, treatment with DG7, which is also a potent STAT3 
inhibitor in the luciferase assay (IC50 = 709 nM), failed to induce 
STAT3 dimer formation. In a similar fashion, Prx2 was oxidized 
upon exposure to DG4, DG5, and DG6 but only slightly with 
DG7, supporting that STAT3 dimer formation is likely driven by 
an oxidative stress response (Fig. 5A). All these protein dimers were 
resolved by the addition of the reducing agent dithiothreitol (DTT) 
to the samples (Fig. 5B), thus confirming that the dimers were 
mediated by disulfide bond formation.

To assess the importance of Prxs, we evaluated STATdependent 
luciferase transcription in HEK293shScramble and shPrx1 + Prx2 
cells. Both cell lines did not display any detectable basal endogenous 
STAT3 activation, as assessed by its phosphorylation status, and 
Prx2 levels were visibly diminished in the HEK293–shPrx1 + Prx2 
cells (Fig. 5C). HEK293 cells express both STAT3 and STAT1; there
fore, it is expected that the SIE reporter construct would be driven by 
activation of STAT3 and STAT1 when stimulated with IL6. Neverthe
less, we were able to detect significant differences in IC50 values com
paring the inhibition of STATdriven luciferase expression using both 
our top compounds and the established TrxR1 inhibitors (Fig. 5D and 
fig. S7A). Top DG compounds, Stattic and TRi1, more potently in
hibited luciferase expression in the control cells than in the Prx1 + Prx2 
knockdown cells. These results were not linked with general distur

bances in the STAT pathway activation patterns since IL6dependent 
induction of luciferase was similar in both cell lines (fig. S7B).

To further probe whether the impairment of viability could be 
linked to oxidative stress, we investigated cytotoxic activities of the 
top DG compounds in combination with buthionine sulfoximine 
(BSO), an irreversible inhibitor of glutamylcysteine synthetase that 
induces GSH depletion in cells. Cells rely on the combined antioxidant 
activities of the GSH and Trx systems to maintain redox balance 
(24). Thus, a blockade of GSH synthesis should potentiate the effects 
of TrxR1 inhibition. Supporting this mechanism of action, incubation 
of FaDu cells with 100 M BSO induced an approximate fivefold 
potentiation of DG4, DG5, DG6, and DG7, further supporting 
TrxR1 as the primary target of these compounds (Fig. 5, E and F). 
DG7 was the least potent of the top DG compounds, consistent 
with its failure to induce oxidized STAT3 and Prx2 dimers and in
creased cellular H2O2 levels, as well as its poor ability to compete 
with DG8 for TrxR1 binding. However, BSO treatment still poten
tiated the cytotoxicity of DG7, indicating that there may be additional 
factors that lead to an enhanced cytotoxicity of these compounds in 
conjunction with BSO treatment.

The mechanism of action was further confirmed to be related to 
increased H2O2 levels and oxidative stress upon assessing the cyto
toxicity of the top DG compounds in combination with catalase, an 
enzyme that catalyzes the decomposition of H2O2 to water and 
oxygen. Thereby, catalase should lower the cytotoxicity of the top 
DG compounds if it would be linked to H2O2 production. This was 
indeed confirmed in both FaDu and A549 cells, where catalase 
addition increased the IC50 values of all DG compounds (Fig. 5, 
G and H, and fig. S8, A and B). These robust effects were, however, not 
seen in DLD1 cells, where catalase had no effect on viability (fig. S8, 
A and B), suggesting that excess H2O2 production was not the sole 
cause of the triggered cell death.

Compounds induce Nrf2 activation
The possible specificity of TrxR1 inhibition on STAT3 pathway inhibi
tion was further explored by assessing the effects of the compounds on 
nuclear factor erythroid 2related factor 2 (Nrf2) and nuclear factor B 
(NFB) activation patterns. HEK293 cells were transfected with the 
plasmid for transcription factor reporter activation based on fluores
cence (pTRAF) vector, which uses expression of different fluorescent 
proteins as reporters for Nrf2 and NFB activities (fig. S9A) (34). The 
pTRAF vector can also be used to investigate hypoxiainducible factor 
(HIF), but in our cellular models, HIF activation was minimal, so this 
parameter was not evaluated. All top DG compounds and Stattic had 
little effect on NFB activation but clearly triggered Nrf2 activation 
(fig. S9B), again in agreement with TrxR1 inhibition, as that often leads 
to Nrf2 activation. BP1102 did not activate Nrf2, which agrees with 
its inability to outcompete DG8 and its poor inhibition of TrxR1 ac
tivity (Figs. 3I and 4, B and C).

DISCUSSION
The development of STAT3 inhibitors is a highly active field of re
search, which continues to produce novel inhibitors at a rapid rate. 
These compounds are diverse in chemical structure and may block 
STAT3 signaling through a variety of different mechanisms to exert 
their antiSTAT3 and anticancer effects. While demonstrating 
impaired STAT3 signaling in cells is a relatively straightforward task 
(using STAT3 phosphorylation or STAT3dependent gene expression 
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as readouts), it is traditionally very difficult to determine whether 
these phenotypes are due to direct binding of STAT3 in cells or 
whether they may be an indirect consequence of inhibiting other targets 
that influence STAT3 signaling. Therefore, determining the cellular in

teraction partners of experimental inhibitors should be a top priority in 
the drug discovery and development process for STAT3 inhibitors. Not 
only will this streamline the optimization of inhibitors, but also it can 
lead to new discoveries related to fundamental biological phenomena.
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In this light, we demonstrated that our compounds could cova
lently bind to recombinant STAT3 protein truncations in vitro and 
that they could also block STAT3dependent luciferase expression 
in cells. While this could suggest that these compounds bind directly 
to STAT3 to block its transcriptional activity in cells, this was clearly 
not the case for this group of compounds.

Using a chemical biology approach, we demonstrated that these 
inhibitors bind to TrxR1 to inhibit its function. This induces oxi
dative stress and produces oxidized Prx2 and STAT3 dimers, which 
prevents the transcriptional activation of STAT3. This is in line 
with recently described redox regulation of STAT3 signaling by Prx2, 
Trx1, and TrxR1 (21), as summarized in Fig. 6. The activities of STAT1, 
the closest family member of STAT3, as well as NFB, were left 
relatively unaffected, while Nrf2 was activated by the compounds.

While inhibition of STAT3 transcription was observed upon DG 
compound treatment, other markers of TrxR1 inhibition were seen, 
including its direct derivatization, the selenium dependence of the 
effects, the cellular TrxR1 activity inhibition, the increased oxida
tive stress as assessed by H2O2 measurements using Amplex Red, 
and the Nrf2 activation. It is likely that both the increased oxidative 
stress from SecTRAP formation and inhibition of cellular STAT3 
activity contribute to the impaired viability of the cells upon expo
sure to the DG compounds.

TrxR1 is an important target for the development of novel cancer 
therapies in its own right, and there have been advanced preclinical 
studies highlighting TrxR1 inhibitors as potential cancer therapeutic 
agents (22, 23, 35). An impactful finding of our work is that STAT3 
transcriptional activity may be an important biomarker of TrxR1 
inhibition, as the known TrxR1 inhibitors (TRi1, TRi2, TRi3, and 
auranofin) all inhibited STAT3dependent luciferase activity. While 
our experiments clearly highlighted this phenomenon in cellbased 
assays, further in vivo investigations into this relationship, to assess 
the general importance of TrxR1 for STAT3 inhibition in cancer 
treatment, are warranted.

Because STAT3 lacks a traditional binding site for smallmolecule 
inhibitors, developing compounds that bind directly to STAT3 protein 
is a very difficult task. By contrast, the Sec residue of TrxR1 is highly 
reactive, well defined, and solvent exposed, which facilitates TrxR1 
inhibitor development. Our TrxR1 inhibitors have a delicate balance 
in reactivity, as they are reactive enough to covalently modify the 
Sec residue of TrxR1 but seem stable enough not to indiscriminately 
bind multiple cellular targets. This molecular “sweet spot” works well 
for cellbased assays; however, these compounds will need to also be 
metabolically stable if they are to function in vivo, which will be a 
major translational challenge.

In addition to the promising TrxR1 inhibitors, we identified a 
selective fluorescent probe, DG8, that enabled us to visualize TrxR1 
target engagement in A549 cells. While this visualization may be, in 
part, due to A549 cells expressing high levels of TrxR1, we propose 
that the herein described competition assay may be a valuable tool 
for further studies of TrxR1 inhibitors, especially if they are suspected 
to behave as covalent modifiers of the TrxR1 Sec residue.

Stattic represents one of the first STAT3 inhibitors to have been 
found and is widely used in biological studies as a presumed selective 
inhibitor of STAT3 signaling (14). Notably, Stattic was used as a posi
tive control in our prior HTS for STAT3 inhibitors (26). While we here 
had intended to use Stattic and BP1102 as negative controls in the 
DG8 competition assay, we found that Stattic also competed with the 
probe, suggesting that it also may target TrxR1 in cells as a bona fide 

mechanism of action. While this was an unexpected result to us, further 
investigation has revealed other reports of Stattic’s ability to also bind 
another selenoprotein with TrxR activity, namely, the thioredoxin glu
tathione reductase of the parasite Schistosoma mansoni (36).

The described 4,5dichloropyridazinone compounds are generally 
reactive toward thiol species in vitro, as demonstrated by their ability 
to bind GSH. This reactivity was initially perceived as a liability for 
these compounds, and we had hoped to eliminate their thiol reac
tivities with maintained STAT3 inhibitory activity through struc
tural modifications. The SAR study, however, identified that this 
4,5dichloropyridazinone moiety was critical for the antiSTAT3 
activity. Further optimization led to the discovery of potent, nano
molar inhibitors of STAT3dependent luciferase activity. While both 
active and inactive compounds in the luciferase assay could bind to 
GSH in biochemical experiments, only our top STAT3 inhibitors 
showed inhibition of TrxR1 in cellbased assays. This suggests that 
the mechanism of action for these inhibitors is not merely due to 
their inherent reactivity toward GSH but instead rather strongly 
points to selective inhibition of TrxR1 as their primary mechanism 
of action in cells. Notably, however, the STAT3 inhibitor BP1102, 
which has electrophilic tendencies, was not a potent inhibitor of 
TrxR1, suggesting that not all electrophilic compounds inhibiting 
cellular STAT3 function are de facto TrxR1 inhibitors.

While there are previous studies that have linked the cellular func
tions of STAT3 and TrxR1 (21, 37, 38), our findings are the first to 
firmly support that inhibition of STAT3dependent gene expression 
can be induced by targeting TrxR1 in cancer cells. These results are fur
ther supported by previous investigations where the panTrxR inhibi
tor auranofin was shown to block IL6induced Janus kinase 1 and STAT3 
phosphorylation (37) and, more recently, a previously unidentified 
TrxR1 inhibitor was shown to inhibit tumorigenesis by downregulation 
of programmed death ligand 1 via the STAT3 pathway (38). Several 
anticancer drugs have separately been shown to inhibit TrxR1 in con
junction with their principal targets including cisplatin, chlorambucil, 
carmustine, and melphalan (39). This suggests that inhibition of TrxR1, 
and potentially STAT3, may contribute to the clinical efficacy of these 
drugs, and this should be an important consideration when evaluating 
the underlying mechanisms of known or novel cancer therapeutics.

Inhibition of TrxR1 and the specific formation of SecTRAPs can 
broadly influence the cellular redox state (31). While we have demon
strated that TrxR1 inhibition induces Prx2 and STAT3 oxidation, 
the wider consequences on redoxsensitive pathways in cells remain 
an active area of interest. Since STAT3 activity is mediated by serine 
and tyrosine phosphorylation, the effect of SecTRAPs on redox 
sensitive protein tyrosine phosphatases (PTPs), such as PTP1B (40), 
may also contribute to changes in STAT3 signaling and transcrip
tional activity. Several PTPs are known to deactivate pSTAT3 via 
removal of its phosphate groups, including those that are sensitive 
to oxidative stress (PTP1B) and those that are not, such as the SH2 
domain–containing phosphatases and others (41). Further elucidating 
this complex relationship should be of interest.

The herein described compounds represent novel potent inhibi
tors of STAT3dependent luciferase activity in cells and were shown 
to directly target TrxR1. These compounds will be further explored 
as potential cancer therapeutics and will be used as probes to study 
the relationship between TrxR1 and the STAT3 signaling cascade. 
We further hope that the link between STAT3 and TrxR1 can be ex
ploited to generate novel cancer therapies involving concomitant in
hibition of TrxR1 and STAT3.
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MATERIALS AND METHODS
Cell culture and treatment conditions
Cell cultures were grown at 37°C and 5% CO2 in medium containing 
10% fetal bovine serum, 2 mM lglutamine, and penicillinstreptomycin 
(100 g/ml). Experiments were performed in duplicate or triplicate, 
as indicated. Media were supplemented with 25 nM sodium selenite 
in all experiments, excluding those shown in Figs. 1 (A to C) and 3, 

unless otherwise indicated. All compounds were diluted in dimethyl 
sulfoxide (DMSO) to maximally 1% final concentration (as indicated). 
Unless otherwise noted, DMSO controls were exposed to the same 
amount of DMSO as the highest concentration of treatment.

Sublines of human adenocarcinoma cell line DLD1 A4 (with 
homologous deletion of STAT3) and A4wt were a gift of Z. Wang, 
Genetics and Case Comprehensive Cancer Center, Case Western 
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Reserve University (Cleveland, OH). Both lines that stably expressed 
a STATinducible luciferase reporter (A4SIE and A4wtSIE) were 
previously generated in the laboratory and were grown on hygromycin 
(1 mg/ml) during selection (26). BJ and CCD841 cell lines were pro
vided by the Thomas Helleday Lab, Karolinska Institutet, Depart
ment of Oncology and Pathology. HEK293shScramble and HEK293–
shPrx1 + Prx2 were gifted by the lab of T. Dick, German Cancer 
Research Center, Heidelberg, Germany.

All media and other cell culture reagents were purchased from 
Gibco (Thermo Fisher Scientific). A4, A4wt, and DLD1 cells were 
cultured in Dulbecco’s modified Eagle medium (DMEM). HEK293, 
BJ, and CCD841 were cultured in DMEM + GlutaMAX (without 
additional lglutamine). FaDu cells were cultured in DMEM + 
GlutaMAX (without additional lglutamine) with 0.02 M Hepes 
buffer, 1 mM sodium pyruvate, and 1× nonessential amino acids. 
HCT116 and A549 cells were cultured in RPMI 1640 media. All re
maining cell lines were purchased from the American Type Culture 
Collection. Mycoplasma testing was conducted every time a new 
stock vial was taken up from storage.

Compound screening STAT3-dependent luciferase assay
Luciferase assay screening was conducted as previously reported 
(26). Briefly, 4000 A4wt cells per well were seeded in white opaque 
384well plates (PerkinElmer, Sweden) using a multidrop microplate 
dispenser (Thermo Fisher Scientific). The following day, cells were 
initially treated with IL6 and its soluble receptor (sIL6R, PeproTech 
Inc.) at 50 and 100 ng/ml, respectively, and after 1 hour of incuba
tion, test compounds were added. After an additional 5 hours of 
incubation with compounds, steadylite plus reporter gene assay sys
tem (PerkinElmer, Netherlands) was added to the cells, and lumi
nescence per well was measured on a Spark 10M microplate reader 
(Tecan Group Ltd.).

Compound analogs were either purchased from Enamine Ltd. or 
synthesized inhouse. Compounds were serially diluted and consec
utively added to the cells using a Bravo Automated Liquid Handling 
Platform (Agilent Technologies) or by hand. BP1102 (Merck 
Millipore) was used as a positive control. All cytokines and com
pounds were stored according to the recommendations from the 
manufacturers.
Counterscreen for assay inhibition
The assay was run similarly to the normal luciferase assay; however, 
compounds were added right before the addition of the steadylite 
reagent and consecutive luciferase measurement to assess direct ef
fects on steadylite or luciferase enzyme activity.
Counterscreen for cell viability
The assay was run similarly to the normal luciferase assay. However, 
no IL6 and sIL6R was added before compound addition. In addition, 
instead of the steadylite reagent, CellTiterGlo (Promega) reagent 
was added to measure cell viability after 5 hours of compound treat
ment using a luciferase readout.
STAT1-dependent luciferase assay
The assay was run similarly to the STAT3 luciferase assay. However, 
A4 cells (STAT3 knockout) that stably expressed the STATinducible 
luciferase reporter were used. A4 cells were stimulated with IFN 
(40 IU/ml), and after 1 hour of incubation, compounds were added.
STAT-dependent luciferase in HEK293-shScramble and 
HEK293–shPrx1 + Prx2
The assay was run similarly to the STAT3 luciferase assay. However, 
HEK293 cells were seeded at 2000 cells per well. Cells were grown in 

medium supplemented with 100 nM sodium selenite at least 72 hours 
before seeding. The following day, cells were transfected with 25 ng 
of the pGL4SIE reporter construct together with 20 nl of Viromer 
Red and 480 nl of Buffer Red in OptiMEM to a total volume of 5 l 
per well. After an additional 24 hours, cells were stimulated with IL6 
(50 ng/ml) and sIL6R (100 ng/ml), and after 1 hour of incubation, 
compounds were added.

Resazurin cell viability assays
The resazurin assay was performed as previously reported (42). Briefly, 
2000 cells per well were plated in 96well plates in media. The fol
lowing day, compounds were added and incubated for 72 hours and 
then treated with resazurin cell viability reagent (0.02 mg/ml), and 
plates were incubated at 37°C for an additional 5 hours. Resorufin 
fluorescence was measured at 544nm excitation and 590nm emis
sion with a Hidex Sense fluorescent plate reader. Cell viability was 
normalized to DMSO controls and blank wells containing media 
but no cells.

CellTiter-Glo cell viability assays
Cells were seeded at a density of 750 cells per well in white opaque 
384well plates using a multidrop microplate dispenser. The follow
ing day, compounds were added and incubated for 72 hours, followed 
by addition of CellTiterGlo (10 l per well) (Promega), and lumi
nescence was measured using an Infinite M200 PRO plate reader 
(Tecan Group Ltd.). Cell viability was normalized to DMSO controls.
Cell viability with catalase addition
The assay was run similarly to the CellTiterGlo assay. However, 
catalase (10 l per well) (C30, SigmaAldrich) to a final concentra
tion of 100 U/ml was added to cells 4 hours before addition of the 
compounds.
Cell viability with selenite addition
The assay was run exactly as the CellTiterGlo assay. However, cells 
were grown at least 72 hours with the addition of 100 nM sodium 
selenite in their respective growth medium before cell seeding of the 
experiment.

DTNB GSH reactivity assay
Similar to previously reported methods (43), 100 M compound was 
incubated with 200 M GSH in trisEDTA (TE) buffer for 12 hours. 
At 0, 1, 2, 4, 6, 8, and 12 hours, 180 l of 1 mM DTNB was added to 
20 l of the reaction to assess the concentration of reduced GSH re
maining in the reaction. TNB production was measured as A412. The 
reduced GSH concentration in the reaction was derived from a GSH 
standard curve from 0 to 200 M.

GSH reactivity assay by high-performance LC-MS
DG3 was assessed for its ability to react with GSH in vitro using a 
slightly modified procedure from previously reported methods 
(18–20). From 10 mM stock solutions in DMSO, 5 l of aliquots 
were transferred to an analytical highperformance LC (HPLC) vial 
containing 495 l of reaction buffer (50 mM Hepes, buffered to pH 7.4) 
and with or without 10.0 mM reduced GSH. Samples were taken 
at 30 min and 18 hours for a Hewlett Packard Series 1100 analytical 
HPLCMS system using an ACE C8 column (50 mm by 3.0 mm) 
with 3m particles and flow rate of 1 ml/min. Samples were eluted 
using a gradient of A, 0.1% trifluoroacetic acid in H2O, and B, ace
tonitrile, 10 to 90% B over 1.5 min and an additional minute at 90% 
B. Changes in the absorbance profile at 254 nm were observed, and 
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the HPLC peak areas corresponding to the decay of the parent 
compound were recorded. Metabolite identification was based 
on mass/charge ratio values and reported alongside their retention 
time (tR).

SDS-PAGE and dansyl fluorescence analysis using DG-8
Recombinant proteins
Five micrograms of human recombinant protein (TrxR1, STAT3127–465, 
and STAT3127–688) was incubated with the indicated concentrations 
of dansyltagged analog (DG8) for 30 min. Recombinant TrxR1 
experiments were also supplemented with 7.5 g of NADPH, as in
dicated. Samples were mixed with NuPAGE LDS Sample Buffer 
(6.25 l) and 100 mM DTT (2.5 l), heated at 95°C for 5 min, 
and then loaded onto 10% bistris gels (NP0316BOX, Thermo 
Fisher Scientific). Gels were run at 180 V. The fluorescent signal 
was imaged using a Gel Doc EZ Gel Documentation System with 
UV tray.
Intact cells and cell lysates
To assess binding of the dansyltagged compound in live cells, 
500,000 A549 cells per well were seeded in sixwell plates. The fol
lowing day, cells or cell lysates (prepared as described below) were 
treated with a concentration gradient DG8 for 30 min. Intact cells 
were then harvested, washed with phosphatebuffered saline (PBS), 
and lysed in a modified radioimmunoprecipitation assay (RIPA) 
buffer [50 mM trisHCl (pH 7.4), 150 nM NaCl, 1 mM EDTA, 
1% NP40, and 1% glycerol]. Samples were then prepared as above, 
by combining 30 g of protein lysate with 6.25 l of NuPAGE LDS 
Sample Buffer and 100 mM DTT. Again, samples were heated to 
95°C for 5 min, run on the gels, and analyzed according to the con
ditions described above.
Competition experiments
Experimental inhibitors (0.5 to 50 M) were incubated in cell 
lysates for 30 min, followed by 30 min of incubation with DG8 
(5 M). Samples were prepared and analyzed as described above.
Band fluorescence intensity with differential and SPO3 levels
A549 cells were incubated for 72 hours with sodium selenite 
(25 to 100 nM) to promote Sec incorporation into cellular seleno
proteins or SPO3 (0.25 to 1 mM) to induce SectoCys substitu
tion (29). The cells were then harvested, washed with PBS, and 
lysed. Protein lysates (30 g) were treated with DG8 (5 M) for 
30 min at room temperature. Lysates were processed and run as 
mentioned above.

Cellular TrxR activity assay
Following a protocol reported previously (23), FaDu cells were 
seeded at a density of 400,000 cells per well in sixwell plates. 
After 24 hours, compounds were added and incubated at 37°C for 
3 hours. Cells were then lysed in a modified RIPA buffer [50 mM 
trisHCl (pH 7.4), 150 nM NaCl, 1 mM EDTA, 1% NP40, and 1% 
glycerol]. Protein concentrations were determined using the bicin
choninic acid assay. TrxR1 activity was determined using an insulin 
end point assay coupled with Trx1. Lysates were incubated together 
with 0.16 mM insulin, 0.33 mM NADPH, 16 M Trx1 in TE buffer 
[50 mM trisHCl and 2 mM EDTA (pH 7.5)]. Samples were incu
bated at 37°C for 0, 30, 60, and 90 min, respectively; at each time 
point, 7.2 M guanidineHCl (pH 8.0) with 2.5 mM DTNB was added 
to the reactions, and A412 was measured. Cellular TrxR activity was 
determined from the increase in A412 over time and using a standard 
curve with pure enzymes.

Recombinant TrxR1 and TrxR2 activity measurement
Insulin reduction assay
Secdependent TrxR1 and TrxR2 activity was assessed by the reduc
tion of insulin by Trx1 and Trx2, respectively. Compounds were 
incubated in a reaction respectively containing 10 nM TrxR1 or 
10 nM TrxR2, with bovine serum albumin (BSA) (0.1 mg/ml) and 
250 M NADPH. After 75 min, 25 M Trx1 or 25 M Trx2, respec
tively, together with 160 M insulin, were added, and NADPH con
sumption was measured at A340 for 20 min.

Juglone reduction assay
Formation of SecTRAPs was assessed using a juglone reduction 
assay (23). Compounds were incubated for 90 min in a reaction 
containing 300 nM TrxR1, 250 M NADPH, and BSA (0.1 mg/ml), 
completely inhibiting Secdependent TrxR1 function. Reactions 
were then added to a buffer containing 100 M juglone and 250 M 
NADPH, and NADPH consumption was measured at A340 for 10 
to 15 min.

Cellular H2O2 production assay
Cellular H2O2 production was assessed using the Amplex Red assay 
(A22188, Invitrogen), as previously reported (23). FaDu cells were 
plated at 5000 cells per well in black 96well plates in media and 
incubated overnight. Cells were then washed with KrebsRinger 
bicarbonate (KRPG) buffer, and compounds were added in KRPG 
buffer. Immediately, 20 M Amplex Red and horseradish peroxi
dase (0.01 U/ml) were added. Fluorescence measurements (550nm 
excitation and 600nm emission) were taken at the indicated time 
points and compared to matched untreated control wells to subtract 
background signal.

Western blot analyses
After compound treatment, cells were washed with PBS. Free thiols 
were blocked with 100 mM Pierce Nethylmaleimide (#23030, 
Thermo Fisher Scientific) for 10 min. Cells were lysed by addition 
of 1% NP40 and scraping. Reduced samples were mixed with 
NuPAGE LDS Sample Buffer (NP0008, Thermo Fisher Scientific) 
and 100 mM DTT and heated at 95°C for 5 min. Nonreduced sam
ples were mixed with Pierce LDS Sample Buffer, NonReducing 
(#84788, Thermo Fisher Scientific). Protein (15 g) was loaded onto 
10% TGX gels (#4568033, BioRad). Proteins were transferred to 
nitrocellulose membranes and blocked for 30 min in Odyssey block
ing buffer 1:1 diluted with trisbuffered saline with 0.1% Tween 20 
(Merck Millipore, Germany). Primary antibodies were incubated 
overnight at 4°C with mild agitation. Secondary antibodies were in
cubated for an hour at room temperature (IRDye 800CW goat 
antirabbit conjugated). Blots were imaged using an Odyssey FC 
Imaging System (LICOR Biotechnology). AntipSTAT3 (Y705) 
(#D3A7; 1:1000) and antiSTAT3 (#79D7; 1:2000) were purchased 
from Cell Signaling Technology, antiPrx2 (EPR5154; 1:20,000) was 
purchased from Abcam, and anti–glyceraldehyde3phosphate 
dehydrogenase (sc25778; 1:1000) was purchased from Santa Cruz 
Biotechnology.

Cellular GSH depletion
Similar to previously reported methods (23), FaDu cells were plated 
at 2000 cells per well in 96well plates. After 24 hours, 100 M BSO 
(B2515, SigmaAldrich) was added to the cells with matched un
treated controls. After an additional 24 hours, compounds were 
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added and incubated for 72 hours. After treatment, resazurin cell 
viability reagent was added to each well at 0.02 mg/ml, and plates 
were incubated at 37°C for an additional 5 hours. Resorufin fluores
cence was measured as described above. Cell viability was normal
ized to DMSO controls and blank wells.

Nrf2 and NFB transcriptional activity analysis
Nrf2 and NFB transcriptional activities were measured using the 
pTRAF tool as previously described (34). Briefly, HEK293 cells were 
seeded on black clearbottom collagen I–coated 96well plates (Biocoat 
354649, BD Biosciences) at 20,000 cells per well a day before transfec
tion with the pTRAFNrf2/HIF/NFB vector. For transfection, 50 ng 
of DNA with 0.1 l of Turbofect transfection reagent in 5 l of Opti 
MEM was added in 55 l of Eagle’s minimum essential medium (EMEM) 
per well and incubated overnight. Cells were then exposed for 24 hours 
to either only the indicated compound (1 M) or in combination with 
either auranofin (1 M) or tumor necrosis factor– (20 ng/ml) as pos
itive controls for Nrf2 and NFB, respectively. For microscopy, cell 
nuclei were stained using Hoechst (40 ng/ml) for 30 min, and an Operetta 
HighContent Imaging System (PerkinElmer) with the Columbus Sys
tem was used to image and analyze the fluorescent signal per well.

Statistical analyses
For the quantified fluorescent band comparison with differential 
concentrations of sodium selenite and SPO3, significant differences 
were determined using repeatedmeasures analysis of variance 
(ANOVA) with Dunnett’s multiple comparisons test. For the cellular 
TrxR1 activity, differences were compared using repeatedmeasures 
ANOVA with Dunnett’s multiple comparisons test. For the MEF 
viability experiments, IC50 values were compared using repeated 
measures ANOVA with Tukey’s multiple comparisons test. For the 
luciferase experiments in HEK293shScramble and HEK293–shPrx1 + 
Prx2, IC50 values were compared using unpaired t tests with the 
HolmSidak method correction for multiple comparisons. Generated 
P values are displayed as *P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/12/eaax7945/DC1
Supplementary Material and Methods
Fig. S1. Compounds inhibit STAT3-dependent luciferase and covalently interact with GSH.
Fig. S2. Whole gel images of competition experiments of Fig. 3.
Fig. S3. Whole gel images of competition experiments of Fig. 3.
Fig. S4. SDS-PAGE fluorescent band matches TrxR1 protein on Western blot.
Fig. S5. CellTiter-Glo cell viability with or without selenium supplementation.
Fig. S6. Whole blot images of Western blot replicates.
Fig. S7. STAT-driven luciferase inhibition in Prx1 + Prx2 knockdown cells.
Fig. S8. Catalase decreases H2O2 production affecting cell cytotoxicity of top DG compounds.
Fig. S9. Compound effects on alternative transcription factors.

View/request a protocol for this paper from Bio-protocol.
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