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Abstract

Purpose: Tumor cells are dependent on the glutathione and thioredoxin antioxidant pathways 

to survive oxidative stress. Since the essential amino acid methionine is converted to glutathione, 

we hypothesized that methionine restriction (MR) would deplete glutathione and render tumors 

dependent on the thioredoxin pathway and its rate-limiting enzyme thioredoxin reductase 

(TXNRD).

Methods: Triple (ER/PR/HER2)-negative breast cancer (TNBC) cells were treated with control 

or MR media and the effects on reactive oxygen species (ROS) and antioxidant signaling were 

examined. To determine the role of TXNRD in MR-induced cell death, TXNRD1 was inhibited by 

RNAi or the pan-TXNRD inhibitor auranofin, an antirheumatic agent. Metastatic and PDX TNBC 

mouse models were utilized to evaluate in vivo antitumor activity.

Results: MR rapidly and transiently increased ROS, depleted glutathione and decreased the ratio 

of reduced glutathione/oxidized glutathione in TNBC cells. TXNRD1 mRNA and protein levels 

were induced by MR via a ROS-dependent mechanism mediated by the transcriptional regulators 

NRF2 and ATF4. MR dramatically sensitized TNBC cells to TXNRD1 silencing and the TXNRD 

inhibitor auranofin, as determined by crystal violet staining and caspase activity; these effects 

were suppressed by the antioxidant N-acetylcysteine. H-Ras-transformed MCF-10A cells, but not 

untransformed MCF-10A cells, were highly sensitive to the combination of auranofin and MR. 

Furthermore, dietary MR induced TXNRD1 expression in mammary tumors and enhanced the 

antitumor effects of auranofin in metastatic and PDX TNBC murine models.

Conclusion: MR exposes a vulnerability of TNBC cells to the TXNRD inhibitor auranofin 

by increasing expression of its molecular target and creating a dependency on the thioredoxin 

pathway.
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Introduction

Reactive oxygen species (ROS) are byproducts of aerobic metabolism that are buffered 

by antioxidant systems to prevent damage to cellular macromolecules [1]. Tumor cells 

have elevated ROS levels due to oncogenic alterations that fuel their rapid growth [2]. 

Transformed cells are dependent on the two principal nuclear factor erythroid 2-related 

factor 2 (NRF2)-regulated antioxidant pathways, the glutathione and thioredoxin pathways, 

to maintain redox homeostasis and prevent ROS-dependent cell death. Reduced glutathione 

and thioredoxin are abundant thiol-containing proteins that scavenge free radicals via thiol-

disulfide exchange reactions to generate oxidized disulfides, which are in turn converted 

to their reduced dithiols by NADPH-dependent glutathione and thioredoxin reductases 

(TXNRD), respectively [3, 4]. There are two TXNRD isoforms, a cytosolic (TXNRD1) 

and a mitochondrial (TXNRD2) isoform [4]. Tumor cells survive disruption of either 

single antioxidant pathway, but combined inhibition of both the glutathione and thioredoxin 

pathways is synthetic lethal [5–8]. Deletion of the glutathione reductase gene in lung 

tumors exposes a synthetic lethal vulnerability to the pan-TXNRD inhibitor auranofin, an 

FDA-approved drug for Rheumatoid arthritis [8, 9]. Moreover, pharmacologic inhibition of 

glutathione biosynthesis with buthionine sulfoximine (BSO) in combination with auranofin 

resulted in ROS-dependent, synergistic cell death across a broad spectrum of cancer cell 

lines [6]. These studies suggest that the synergistic effects of combined glutathione and 

thioredoxin inhibition can be exploited therapeutically.

As an alternative to pharmacologic inhibition, dietary restriction of the essential amino 

acid methionine mimics BSO by depleting cellular glutathione levels and decreasing the 

reduced glutathione (GSH)/ oxidized glutathione (GSSG) ratio, thereby inducing ROS 

transiently [10–15]. These effects of methionine restriction (MR) reflect its conversion in 

the methionine cycle to homocysteine, which is subsequently transsulfurated to cysteine, a 

critical substrate for glutathione biosynthesis [16]. MR activates NRF2, which restores redox 

homeostasis by inducing expression of antioxidant genes such as glutathione S-transferase 

and TXNRD1 [12, 17]. Additionally, many tumors are dependent on methionine for cell 

growth and survival, and MR has emerged as a promising metabolic therapy in cancer 

[10, 14, 18–21]. We postulated that glutathione depletion by MR would render tumor 

cells dependent on the thioredoxin pathway by NRF2-dependent induction of thioredoxin 

reductase, thereby exposing a targetable vulnerability. Consistent with this idea, we observed 

in an unbiased proteomics screen that TXNRD1 protein levels were increased in TNBC cells 

by MR [22].

Here we report that MR rapidly and transiently increases ROS levels and depletes 

glutathione in TNBC cells. MR induces TXNRD1 by a ROS-dependent mechanism 

mediated by the master transcriptional regulators NRF2 and ATF4. Moreover, MR exposes 

a ROS-dependent vulnerability of TNBC cells to TXNRD1 inhibition. Human breast 
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epithelial cells transformed by H-Ras, but not untransformed cells, are highly sensitive to the 

combination of auranofin and MR. Additionally, dietary MR induced TXNRD1 expression 

in mammary tumors and enhanced the antitumor effects of auranofin in metastatic and PDX 

TNBC models. Collectively, our findings indicate that MR exposes a druggable vulnerability 

of TNBC cells to TXNRD1 inhibition.

Material and Methods

Cell culture

MDA-MB-468, GILM2 and GILM2-mCherry cells were cultured as described [23, 24]. 

Cell lines were authenticated by STR analyses and tested for mycoplasma. MCF-10A cells 

expressing H-RasV12 or vector were grown as described [25]. NRF2- and ATF4-deficient 

mouse embryonic fibroblasts (MEFs) were kindly provided by Nobunao Wakabayashi 

(Fred Hutchinson Cancer Research Center) [26] and Craig Thompson (Memorial Sloan 

Kettering Cancer Center) [27], respectively. For MR experiments, complete medium (100 

μM methionine) was formulated by supplementing RPMI 1640 with additional nutrients to 

closely match the original media for each cell line. MR medium (3% methionine unless 

otherwise specified) was formulated in the same way with reduced L-methionine (0.45 

mg/L). Auranofin, BSO and N-acetylcysteine (NAC) were purchased (Sigma-Aldrich).

ROS assay

ROS levels were determined using the DCFDA Cellular ROS Assay kit (Abcam) according 

to the manufacturer’s instructions. Cells were seeded in 96-well plates (2.5 × 103 cells/well). 

The next day, DCFDA was added, the media was replaced with control or MR media, 

and cells were incubated for 0–72 hours. ROS levels were measured using a fluorescence 

microplate reader with excitation/emission at 495 nm/529 nm, corrected for background 

fluorescence and normalized to cell confluency using crystal violet staining of the cells 

cultured under the same conditions in a parallel experiment. ROS levels were expressed as 

the percentage of t=0.

Reduced glutathione (GSH)/oxidized glutathione (GSSG) assay

The ratio of GSH/GSSG was determined using the Quantification kit for GSSG and GSH 

(Sigma-Aldrich) according to the manufacturer’s protocol. Cells were seeded in 100 mm 

plates (5 × 106 cells/plate). The next day, the media was replaced with control or MR 

media, and cells were incubated for 0–72 hours. Cells (1 × 106) were lysed, and the GSSG 

concentration was determined by masking GSH and measuring the absorption at 412 nm 

after adding DNTB. The GSH concentration was determined by subtracting the GSSG 

concentration from the total glutathione concentration.

Real-time PCR

cDNA was synthesized from total RNA using the iScript™ cDNA 

Synthesis Kit (Bio-Rad) and the following primers (Integrated DNA 

Technologies): TXNRD1 (forward 5-GCTTTCACGTACTGGGTCCA-3, reverse 5-

TGCACAGACAGGGTGGATTC-3) and GAPDH (5-GAAGGTGAAGGTCGGAGTC-3, 

reverse 5-GAAGATGGTGATGGGATTTC-3). PCR reactions were performed using iQ™ 
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SYBR Green supermix (Bio-Rad) and the reaction products were detected using a CFX96 

Real Time PCR system (Bio-Rad). RNA levels were normalized to control (GAPDH) RNA 

levels using a comparative Ct method.

Immunoblotting

Proteins were immunoblotted as described [25]. Abs against TXNRD1, TXNRD2, ATF4, 

p-NRF2 (all from Cell Signaling Technology) and β-actin (Sigma-Aldrich) were used.

Thioredoxin reductase assay

TXNRD activity was measured using the Thioredoxin Reductase Assay kit (Sigma-Aldrich) 

according to the manufacturer’s protocol. Cells were seeded in 100 mm plates (5 × 106 

cells/well). The next day, the media was replaced with control or MR media, and the cells 

were incubated for 0–72 hours. Cells were then lysed with RIPA buffer as described [25]. 

Lysates were loaded into a 96-well plate (10 μg/well). TXNRD activity was measured as 

the NADPH-dependent reduction of DTNB to TNB by colorimetric assay at 412 nm using a 

TXNRD inhibitor to control for non-specific activity.

Crystal violet cell survival assay

Cells were seeded on 6-well plates (3 × 105 cells/well). The next day, the cells were washed 

with PBS, and complete or MR media was added. After 48 hours, cells were treated with 

vehicle, auranofin (1 μM) or NAC (2 mM) for an additional 24 hours. Surviving cells were 

stained with crystal violet as described [28, 29].

Caspase-3/7 activity assay

Caspase-3/7 activity was measured in cell lysates using the Caspase-Glo 3/7 Assay System 

(Promega) according to the manufacturer’s instructions. Briefly, cells were seeded in 96-well 

plates (2.5 × 103 cells/well). The next day, the media was replaced with control or MR 

media, the cells were incubated for 72 hours and treated with vehicle or auranofin (1 μM) for 

the final 24 hours. Caspase-3/7 activity was measured by luminescence normalized to cell 

confluence as described above and expressed as fold activity compared to vehicle-treated 

cells.

TXNRD1 siRNA experiments

ON-TARGETplus siRNAs targeting the sequences of human TXNRD1 and non-silencing 

control siRNA were purchased from Dharmacon/Horizon Discovery. Cells were transfected 

with siRNAs using Lipofectamine RNAiMAX Reagent (Invitrogen) according to the 

manufacturer’s instructions.

Mouse model of metastatic TNBC

GILM2-mCherry cells (1 × 106) were resuspended in Matrigel (BD Bioscience) and injected 

bilaterally into the ducts of the 4th mammary glands of 4–5 week-old female NOD scid 

IL2 receptor γ chain knockout (NSG) mice (Jackson Laboratory) as described [23]. Mice 

were randomized into four groups (10 mice/group): (1) control 15% protein diet (Teklad 

TD.01084) plus vehicle (PBS i.p. daily for two weeks), (2) control diet plus auranofin 
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(10 mg/kg i.p. daily for two weeks), (3) an isocaloric 15% protein methionine-free diet 

(Teklad TD.140119) plus vehicle, or (4) an isocaloric 15% protein methionine-free diet plus 

auranofin (10 mg/kg i.p. daily for two weeks). Mice were placed on their diets 0.5 weeks 

before beginning treatment 2.5 weeks after tumor cell inoculation. The diets were continued 

throughout the 2-week treatment period. Mammary tumors were measured with calipers 

and tumor volume was calculated as described [28]. At autopsy, mCherry-fluorescent 

metastases were visualized in isolated whole lungs using a Leica MZ10F fluorescent 

stereomicroscope; tumor burden was scored using NIH ImageJ analysis as described [28]. 

All animal experiments were approved by the University of Wisconsin-Madison IACUC.

PDX TNBC Model

Female NSG mice with PDX TNBC model TM00098 were purchased from Jackson 

Laboratory. When tumors were 10 mm in diameter, they were resected, minced into 2 mm 

pieces and transplanted bilaterally into the 4th mammary fat pads of 4–5 week-old female 

NSG mice (Jackson Laboratory). Mice were randomized into the same four treatment groups 

(10 mice per group) as in the metastatic model. The diets were started 0.5 weeks before 

beginning treatment 8 weeks after tumor transplantation and were continued throughout the 

3-week treatment period. Tumor volume was measured with calipers [28].

Tumor apoptosis assay

The percentage of active caspase-3-positive tumor cells was determined by 

immunohistochemistry using a cleaved caspase-3 Ab (Cell Signaling) as described [28].

Statistics

Statistical significance was determined by ANOVA with posttests using GraphPad Prism 

software.

Results

MR transiently initiates oxidative stress and induces TXNRD

Methionine regulates redox homeostasis via its conversion to homocysteine, which is 

subsequently transsulfurated to cysteine, a critical precursor of the antioxidant glutathione 

[16]. Consistent with this role, MR rapidly increased ROS levels in GILM2 and MDA-

MB-468 TNBC cells within 3–6 hours (Fig. 1A and 1B). These effects were accompanied 

by a correspondingly rapid depletion in total glutathione levels, a decrease in the GSH/

GSSG ratio and an increase in the NADP/NADPH ratio within 3–6 hours, indicating 

oxidative stress (Fig. 1A and 1B and Fig. S1A and S1B). These rapid redox alterations 

were transient. Within 24 hours of MR, ROS levels, GSH/GSSG and NADP/NADPH ratios 

returned to baseline. Prolonged MR reduced ROS levels below baseline and modestly 

increased glutathione levels consistent with prior reports [30, 31]. The increased glutathione 

levels may reflect increased cystine import by the glutamate-cystine antiporter xCT since 

both subunits of this antiporter (xCT and CD98hc) were induced by MR (Fig. S2).

Having previously identified TXNRD1 as an MR-regulated protein [22], we examined 

the effects of MR on TXNRD1 and TXNRD2 mRNA and protein levels. MR increased 
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TXNRD1 mRNA levels within 6 hours and TXNRD2 mRNA levels within 24 hours in 

GILM2 and MDA-MB-468 cells, with maximal induction of both transcripts at 72 hours 

(Fig. 1C and 1D). TXNRD1 and TXNRD2 protein levels showed a similar increase in 

response to MR (Fig. 1C and 1D). These changes were accompanied by an increase in 

TXNRD activity (Fig. S1A and S1B). Hence, MR rapidly and transiently initiates oxidative 

stress and depletes glutathione, which is followed by induction of TXNRD1 and TXNRD2 

expression and TXNRD activity.

MR induces TXNRD1 by a ROS-, NRF2- and ATF4-dependent mechanism

Since the induction of TXNRD1 corresponded temporally with ROS initiation by MR, 

we chose to focus on this TXNRD isoform. To identify the underlying mechanisms, we 

examined the potential role of the transcription factors NRF2 and ATF4, master regulators 

of the antioxidant and integrated stress response pathways, respectively [2, 32]. Pretreatment 

with the antioxidant NAC attenuated the induction of ATF4, p-NRF2 and TXNRD1 by MR 

in GILM2 and MDA-MB-468 cells, indicating that these events are ROS-dependent (Fig. 

2A). Deletion of ATF4 or NRF2 in MEFs diminished the induction of TXNRD1 expression 

(Fig. 2B) and TXNRD activity (Fig. 2C) by MR, although basal levels of TXNRD1 

expression/TXNRD activity were not suppressed. Consistent with prior reports [33, 34], 

deletion of NRF2 also completely inhibited ATF4 induction by MR (Fig. 2B), indicating 

that ATF4 induction by MR is mediated by NRF2. These findings indicate that MR induces 

TXNRD1/TXNRD activity by a ROS-, ATF4- and NRF2-dependent mechanism.

MR exposes a redox vulnerability to the TXNRD inhibitor auranofin

Given the robust induction of TXNRD activity by MR, we hypothesized that MR renders 

TNBC cells dependent on the thioredoxin antioxidant pathway for survival, exposing a 

vulnerability to the pan-TXNRD inhibitor auranofin [9]. Treatment of GILM2 and MDA-

MB-468 cells with MR or auranofin alone resulted in modest or no cytotoxicity (Fig. 3A and 

3B). In contrast, MR dramatically sensitized TNBC cells to auranofin, resulting in the virtual 

eradication of all TNBC cells (Fig. 3A and 3B). The interaction between MR and auranofin 

was synergistic (Fig. S3). The combination of MR and auranofin also enhanced caspase-3/7 

activity much more robustly than either treatment alone (Fig. 3A and 3B, right panels). 

Similar results were observed with the methionine-degrading enzyme methioninase (Fig. 

S4). Unlike auranofin, BSO, an inhibitor of glutathione biosynthesis [35], did not enhance 

MR-induced cell death (Fig. S5). Moreover, the cytotoxicity of the combination of MR and 

auranofin was dependent on oxidative stress: NAC attenuated cell death and ROS induction 

in response to MR and auranofin (Fig. 3C and 3D). These results indicate that MR exposes 

a specific vulnerability of TNBC cells to auranofin, which together result in lethal oxidative 

stress.

Transformed breast epithelial cells are more sensitive to MR and auranofin

To assess whether the combination of MR and auranofin is selectively cytotoxic against 

transformed cells, MCF-10A cells transformed by H-RasV12 and isogenic untransformed 

MCF-10A cells expressing vector were grown in different methionine concentrations (0–

100 μM). Although TXNRD1 protein levels were increased in both MCF-10A-Ras and 

MCF-10A-Vector cells grown in MR media (10 μM methionine or less), the fold induction 
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(from 100 μM to 3 μM) was much more robust in transformed MCF-10A-Ras cells (Fig. 

4A). Consistent with our results in TNBC cells (Fig. 3), MR alone had a moderate effect 

on cell viability in MCF-10A-RasV12 cells and auranofin alone had no effect, while 

the combination resulted in enhanced cytotoxicity and caspase-3/-7 activity (Fig. 4B). 

In contrast, MCF-10A-Vector cells were largely resistant to the combination of MR and 

auranofin (Fig. 4C). Hence, transformed breast epithelial cells are selectively vulnerable to 

the combination of MR and auranofin.

Silencing TXNRD1 sensitizes TNBC cells to MR

To examine the role of TXNRD1 in sensitizing cells to MR, TNBC cells were transfected 

with a scrambled siRNA (siC) or two different siRNAs targeting human TXNRD1 (si1 

and si2). Both siRNAs targeting TXNRD1 potently reduced protein levels of TXNRD1 

compared to the scrambled control siRNA (Fig. 5A). Moreover, each siRNA targeting 

TXNRD1 dramatically reduced TXNRD activity in TNBC cells (Fig. 5B), suggesting 

that TXNRD1 is the principal isoform contributing to TXNRD activity in these cells. 

Although silencing TXNRD1 in both TNBC cell lines had little effect on cell viability 

(Fig. 5C) or caspase-3/7 activity (Fig. 5D), each siRNA targeting TXNRD1 potentiated 

the cytotoxic effects and enhanced caspase-3/7 activity by MR compared to the scrambled 

control siRNA. These results indicate that TXNRD1 is the principal isoform mediating the 

redox vulnerability to MR.

Dietary MR augments the antitumor effects of auranofin in TNBC mouse models

To examine the antitumor activity of MR, auranofin and the combination in vivo, we placed 

female NSG mice with transplanted GILM2-mCherry mammary tumors on a control or 

methionine-free (MR) diet and treated them with vehicle or auranofin (10 mg/kg daily). 

Two interventions (MR alone and MR plus auranofin) inhibited mammary tumor growth 

compared to vehicle-treated mice on a control diet, although the combination of MR plus 

auranofin was more effective than MR alone or auranofin alone at the completion of the 

study (Fig. 6A). Both MR and MR plus auranofin resulted in modest weight loss (Fig. 

S6A). Mammary tumors from mice on MR expressed higher protein levels of TXNRD1 

and TXNRD2 than those from mice on the control diet (Fig. 6B), providing in vivo 
evidence of thioredoxin pathway activation by dietary MR. To evaluate the impact of 

treatment on lung metastases in vivo, mCherry-fluorescent metastatic lesions in the lungs 

were identified at autopsy. MR had a modest effect on lung metastases, but the combination 

of MR and auranofin was more effective at reducing lung metastases (Fig. 6C). Notably, 

the combination of MR and auranofin was more effective at suppressing lung metastases 

than primary mammary tumor growth. Moreover, the combination of MR and auranofin 

robustly induced apoptosis in mammary tumors and lung metastases as determined by active 

caspase-3 immunohistochemistry (Fig. 6D). The combination of dietary MR and auranofin 

was also more effective at inhibiting mammary tumor growth (Fig. 6E) and inducing 

tumor cell apoptosis (Fig. 6F) than either treatment alone in a TNBC PDX model. MR 

alone and MR in combination with auranofin resulted in modest weight loss (Fig. S6B). 

Immunohistochemistry of PDX tumors confirmed their triple-negative expression status 

(Fig. S7). Our results indicate that dietary MR induces TXNRD expression and enhances 
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the activity of auranofin in vivo, with more robust activity against lung metastases than 

mammary tumors.

Discussion

We have demonstrated that MR exposes a vulnerability of TNBC cells to TXNRD1 

inhibition by ROS-dependent induction of TXNRD1. MR rapidly initiates oxidative stress 

by depleting glutathione and reducing the GSH/GSSG ratio, consistent with prior reports 

[11–15]. Glutathione depletion by MR likely reflects diminished levels of homocysteine 

[10], which is converted to cysteine, a critical precursor of glutathione [16]. This transient 

oxidative stress produced by MR results in the induction of TXNRD1, TXNRD2 and 

TXNRD activity. MR induces TXNRD1 by a ROS-dependent mechanism mediated by 

NRF2 and ATF4, master transcriptional regulators of the antioxidant and integrated stress 

responses, respectively [2, 32]. The TXNRD1 gene is an established transcriptional target 

of NRF2, which binds to an antioxidant response element in the TXNRD1 promoter 

to regulate its expression [17]. Although both TXNRD1 and TXNRD2 are induced by 

MR and inhibited by auranofin, TXNRD1 is the principal isoform responsible for the 

observed synergy with MR because silencing TXNRD1 mimics the effects of auranofin. 

Moreover, silencing TXNRD1 reduced TXNRD activity, indicating that TXNRD1 is the 

major isoform contributing to TXNRD enzymatic activity in these TNBC cells. TXNRD1, 

but not TXNRD2, acts cooperatively with the cystine-glutamate antiporter xCT to rescue 

cells from glutathione deficiency [36], providing additional evidence that TXNRD isoforms 

perform at least partly non-redundant functions. Intriguingly, TXNRD1 expression in node-

negative breast cancer correlates with poor metastasis-free survival, pointing to TXNRD1 

as an attractive therapeutic target [37]. Indeed, selective TXNRD1 inhibitors were recently 

shown to have antitumor activity in preclinical models and may be less toxic than auranofin 

[38]. Notably, the synergistic cytotoxicity of combined MR and TXNRD1 inhibition is 

mediated by the resultant oxidative stress: NAC attenuates this effect. Additionally, our 

observation that non-transformed breast epithelial cells are resistant to the combination of 

MR and auranofin suggests that this redox vulnerability may be intrinsic to the transformed 

phenotype. Our findings underscore that MR creates a tumor dependency on TXNRD1 to 

maintain redox homeostasis that can be exploited therapeutically.

By initially depleting glutathione levels, MR mimics the effects of the BSO, an inhibitor 

of glutamate cysteine ligase [35], the rate-limiting enzyme in glutathione synthesis. Like 

BSO, MR alone is unable to robustly induce apoptosis in cancer cells, but each acts 

synergistically with TXNRD inhibition to initiate apoptosis and inhibit tumor growth in 
vivo [5–7]. Notably, BSO does not enhance cell death induction by MR, while recombinant 

methioninase also synergizes with TXNRD1 inhibition. Our findings are consistent with 

multiple studies demonstrating synthetic lethality of combined glutathione and thioredoxin 

pathway inhibition [5–8]. However, MR has several potential advantages over BSO. BSO is 

rapidly cleared in vivo with a t1/2 of 37 minutes, requiring continuous intravenous infusion 

for robust glutathione depletion, and BSO has been associated with significant toxicity 

(leukopenia and thrombocytopenia) and deaths when used in combination with melphalan 

[39, 40]. In contrast, MR is well tolerated by patients with advanced solid tumors [41–43]. 

Indeed, we initiated two clinical trials of MR to examine its tumor and metabolic effects 
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in newly diagnosed TNBC (NCT03186937) and its activity in combination with a novel 

TRAIL agonist in patients with metastatic TNBC (NCT03733119). Moreover, auranofin is 

currently being investigated in multiple clinical trials in cancer (clinicaltrials.gov). These 

findings point to the synergistic combination of MR and TXNRD1 inhibition as a novel 

therapeutic intervention to target the glutathione and thioredoxin pathways to modulate 

oxidative stress.

We have also demonstrated that dietary MR induces the expression of TXNRD1 and 

TXNRD2 in mammary tumors and enhances the antitumor effects of auranofin in murine 

TNBC models. Although the combination of MR and auranofin inhibited growth of both 

mammary tumors and lung metastases in the metastatic model by activating apoptosis, the 

effects on lung metastases were more robust. These findings are consistent with recent 

results suggesting that melanoma circulating tumor cells and metastatic tumors have reduced 

GSH/GSSG and increased ROS levels compared to primary subcutaneous tumors and are 

more susceptible to inhibitors of the folate pathway, which deplete NADPH and enhance 

oxidative stress [44]. Conversely, antioxidants enhance tumor progression and metastases 

in multiple preclinical models and increase cancer risk in some chemoprevention trials [45–

48]. Hence, precision medicine-based approaches to enhance oxidative stress (rather than 

attenuating it) may be particularly effective against advanced solid tumors. Collectively, our 

results provide critical mouse model data for a clinical trial of MR in combination with 

TXNRD1 inhibition to target this redox vulnerability.

Our results substantially expand our “metabolic priming” strategy by MR. We have 

demonstrated that MR primes breast cancer cells to respond to proapoptotic TRAIL 

receptor-2 (DR5) agonists by inducing cell surface expression of TRAIL receptor-2 [22]. 

Additionally, MR induces the expression of MAT2A, the enzyme that converts methionine 

to the universal methyl-donor S-adenosylmethionine [49–51]. We have demonstrated that 

MR primes cancer stem cells to respond to MAT2A inhibition [51]. Moreover, dietary MR 

induces MAT2A in orthotopic mammary tumors in mice, and the combination of MR and 

the MAT2A inhibitor cycloleucine is more effective than either alone at suppressing tumor 

burden in a murine TNBC model [51]. Similar results pointing to enhanced methionine cycle 

activity and dependence on MAT2A in cancer stem cells/tumor-initiating cells were recently 

reported by others [52]. MR primes tumors to respond to TXNRD1 inhibition by ROS- and 

NRF2/ATF4-dependent induction of this enzyme. Methionine restricted breast tumor cells, 

but not non-transformed breast epithelial cells, become addicted to TXNRD1 activity for 

survival, rendering them exquisitely sensitive to auranofin. Given the demonstrated safety of 

both MR and auranofin [9, 41–43], these preclinical findings may be readily translated into a 

clinical trial.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Methionine restriction transiently initiates oxidative stress and induces TXNRD1 and 
TXNRD2.
A and B, GILM2 (A) and MDA-MB-468 (B) TNBC cells were grown in control or MR 

media for the indicated number of hours. ROS levels (expressed as percentage at time t=0), 

total glutathione levels, and GSH/GSSG ratios were determined (mean ± SEM, n = 3). C 
and D, GILM2 (C) and MDA-MB-468 (D) were grown in control or MR media for the 

indicated number of hours. mRNA levels of TXNRD1 (left panel) and TXNRD2 (middle 

panel) in TNBC cells were determined by real-time PCR and were normalized to expression 

in control media (mean ± SEM, n = 3). Right Panel: Immunoblot of TXNRD1 and TXNRD2 
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protein levels in TNBC cells grown for the indicated number of hours in MR media. In all 

panels, *, P < 0.05, **, P < 0.01, ***, P < 0.001 vs. t = 0
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Fig. 2. Methionine restriction induces TXNRD1 by a ROS-, NRF2- and ATF4-dependent 
mechanism.
A, Immunoblot of p-NRF2, ATF4 and TXNRD1 expression in GILM2 (left) and MDA-

MB-468 (right) cells cultured in control or MR media for 24 hours in the presence or 

absence of NAC (2 mM). B, Immunoblot of p-NRF2, ATF4 and TXNRD1 expression in 

WT, ATF4−/− and NRF2−/− MEFs grown in MR media for the indicated number of hours. 

C, TXNRD activity (expressed as percentage of time t=0) was determined in the indicated 

MEFs cultured in control or MR media for 48 hours (mean ± SEM, n = 3). ***, P < 0.001 

vs. control
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Fig. 3. Methionine restriction sensitizes TNBC cells to auranofin by an ROS-dependent 
mechanism.
A and B, Crystal violet cell survival assay of GILM2 (A) and MDA-MB-468 (B) TNBC 

cells grown in control or MR media for 72 hours and treated with vehicle or auranofin (1 

μM) for the final 24 hours. Left panel: representative images. Middle panel: quantification of 

percentage confluence performed by counting cells in 3 fields of each well (mean ± SEM, 

n = 3). Right panel: GILM2 (A) and MDA-MB-468 (B) TNBC cells grown in control or 

MR media for 72 hours, treated with vehicle or auranofin (1 μM) for the final 24 hours, 

and caspase-3/7 activity was measured (expressed as fold control, mean ± SEM, n=3). C 

Malin et al. Page 17

Breast Cancer Res Treat. Author manuscript; available in PMC 2022 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and D, Crystal violet cell survival assay of GILM2 (C) and MDA-MB-468 (D) TNBC cells 

cultured in control or MR media for 72 hours in presence or absence of NAC (2 mM) and 

treated with vehicle or auranofin (1 μM) for the final 24 hours. Left panel: representative 

images. Middle panel: quantification of percentage confluence performed by counting cells 

in 3 fields of each well (mean ± SEM, n = 3). Right panel: GILM2 (C) and MDA-MB-468 

(D) cells were grown in control or MR media for 72 hours, treated with vehicle or auranofin 

(1 μM) for the final 24 hours, and ROS levels (expressed as percentage control) were 

determined (mean ± SEM, n = 3). In all panels, *, P < 0.05, **, P < 0.01, ***, P < 0.001 vs. 

control or the indicated comparison

Malin et al. Page 18

Breast Cancer Res Treat. Author manuscript; available in PMC 2022 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. Transformed breast epithelial cells are more sensitive to the combination of methionine 
restriction and auranofin.
A, Immunoblot of TXNRD1 expression in MCF-10A breast epithelial cells stably 

expressing vector or H-RasV12 cultured in different concentrations of methionine (0–100 

μM) for 72 hours. B and C, Crystal violet cell survival assay of MCF-10A-Ras (B) and 

MCF-10A-Vector (C) cells grown in control or MR media for 72 hours and treated with 

vehicle or auranofin (1 μM) for the final 24 hours. Left panel: representative images. Middle 

panel: quantification of percentage confluence performed by counting cells in 3 fields of 

each well (mean ± SEM, n = 3). Right panel: MCF-10A-Ras (B) and MCF-10A-Vector (C) 
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cells were grown in control or MR media for 72 hours, treated with vehicle or auranofin 

(1 μM) for the final 24 hours, and caspase-3/7 activity was determined (expressed as fold 

control, mean ± SEM, n=3). In all panels, *, P < 0.05, **, P < 0.01, ***, P < 0.001 vs. 

vehicle control or the indicated comparison
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Fig. 5. Silencing TXNRD1 sensitizes TNBC cells to methionine restriction.
A, Immunoblot analysis of TXNRD1 expression in GILM2 (left) and MDA-MB-468 (right) 

cells transfected with a scrambled control siRNA (siC) or one of two different siRNAs 

targeting TXNRD1 (si1 and si2) and grown in control media for 72 hours. B, TXNRD 

activity in GILM2 (left) and MDA-MB-468 (right) cells transfected with a scrambled 

control siRNA or one of two different siRNAs targeting TXNRD1 (si1 and si2) and grown 

in control media for 72 hours. TXNRD activity is presented as the percentage activity in 

TNBC cells treated with the scrambled control siRNA (mean ± SEM, n = 3). C, Crystal 

violet cell survival assay of GILM2 and MDAMB-468 cells transfected with a scrambled 
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control siRNA or one of two different siRNAs targeting TXNRD1 (si1 and si2) and cultured 

in control or MR media for 72 hours. Left panel: representative images. Right panel: 

quantification of percentage confluence performed by counting cells in 3 fields of each well 

(mean ± SEM, n = 3). D, GILM2 (left) and MDA-MB-468 (right) were transfected with 

a scrambled control siRNA or one of two different siRNAs targeting TXNRD1 (si2 and 

si2), grown in control or MR media for 48 hours, and caspase-3/7 activity was measured 

(expressed as fold activity of control cells, mean ± SEM, n=3). In all panels, *, P < 0.05, **, 

P < 0.01, ***, P < 0.001 vs. control or the indicated comparison
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Fig. 6. Dietary methionine restriction augments the antitumor effects of auranofin in a metastatic 
TNBC mouse model.
Female NSG mice with GILM2-mCherry mammary tumors (two per mouse, A-D) or PDX 

TNBC tumors (E-F) were randomly assigned to one of four treatment groups (10 mice per 

group): control diet plus vehicle, control diet plus auranofin (10 mg/kg daily), MR diet plus 

vehicle, or MR diet plus auranofin (10 mg/kg daily). The diets were started 2.5 (GILM2) or 

8 (PDX) weeks after tumor injection and were continued throughout the treatment period. 

A, Percentage original GILM2 mammary tumor volume at 2.5 weeks in each group (mean 

± SEM, n = 10 mice per group). B, Immunoblot of TXNRD1 and TXNRD2 expression in 
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GILM2 mammary tumors from mice on the control or MR diet. C, Representative images 

of resected whole lungs at autopsy visualized by fluorescence microscopy in GILM2 model. 

The percentage of the surface area occupied by fluorescent lung metastases (mean ± SEM, 

n = 10 mice per group) is indicated. D, The percentage active caspase-3-positive tumor 

cells in GILM2 mammary tumors (left panel) or GILM2 lung metastases (right panel) after 

treatment (mean ± SEM, n = 3 tumors per group). E, Percentage original PDX tumor 

volume at 8 weeks in each group (mean ± SEM, n = 10 mice per group). F, The percentage 

active caspase-3-positive tumor cells in primary PDX mammary tumors. In all panels, *, P < 

0.05, **, P < 0.01, ***, P < 0.001 vs. vehicle-treated mice or the indicated comparison

Malin et al. Page 24

Breast Cancer Res Treat. Author manuscript; available in PMC 2022 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Material and Methods
	Cell culture
	ROS assay
	Reduced glutathione (GSH)/oxidized glutathione (GSSG) assay
	Real-time PCR
	Immunoblotting
	Thioredoxin reductase assay
	Crystal violet cell survival assay
	Caspase-3/7 activity assay
	TXNRD1 siRNA experiments
	Mouse model of metastatic TNBC
	PDX TNBC Model
	Tumor apoptosis assay
	Statistics

	Results
	MR transiently initiates oxidative stress and induces TXNRD
	MR induces TXNRD1 by a ROS-, NRF2- and ATF4-dependent mechanism
	MR exposes a redox vulnerability to the TXNRD inhibitor auranofin
	Transformed breast epithelial cells are more sensitive to MR and auranofin
	Silencing TXNRD1 sensitizes TNBC cells to MR
	Dietary MR augments the antitumor effects of auranofin in TNBC mouse models

	Discussion
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6

