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A B S T R A C T   

Thioredoxin reductase 1 (Txnrd1) is known to have prognostic significance in a subset of breast 
cancer patients. Despite the pivotal role of Txnrd1 in regulating several cellular and physiological 
processes in cancer progression and metastasis, its clinical significance is largely unrecognized. 
Here, we undertook a retrospective comprehensive meta-analysis of 13,322 breast cancer patients 
from 43 independent cohorts to assess prognostic and predictive roles of Txnrd1. We observed 
that Txnrd1 has a positive correlation with tumor grade and size and it is over-expressed in 
higher-grade and larger tumors. Further, hormone receptor-negative and HER2-positive tumors 
exhibit elevated Txnrd1 gene expression. Patients with elevated Txnrd1 expression exhibit sig-
nificant hazards for shorter disease-specific and overall survival. While Txnrd1 has a positive 
correlation with tumor recurrence and metastasis, it has a negative correlation with time to 
recurrence and metastasis. Txnrd1High patients exhibit 2.5 years early recurrence and 1.3 years 
early metastasis as compared to Txnrd1Low cohort. Interestingly, patients with high Txnrd1 gene 
expression exhibit a pathologic complete response (pCR) to neoadjuvant chemotherapy, but they 
experience early recurrence after radiotherapy. Txnrd1High MDA-MB-231 cells exhibit significant 
ROS generation and reduced viability after doxorubicin treatment compared to Txnrd1Low MCF7 
cells. Corroborating with findings from meta-analysis, Txnrd1 depletion leads to decreased sur-
vival, enhanced sensitivity to radiation induced killing, poor scratch-wound healing, and reduced 
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invasion potential in MDA-MB-231 cells. Thus, Txnrd1 appears to be a potential predictor of 
recurrence, metastasis and therapy response in breast cancer patients.   

1. Introduction 

Breast cancer is a heterogeneous disease both at the clinical and molecular level with 4 major molecular subtypes and 21 distinct 
histological subtypes. Almost 81% of breast cancers are invasive, about 83% are hormone receptor-positive, whereas approximately 
15% are HER2-positive [1]. Age-standardized incidence and mortality rate for breast cancer is 47.8 and 13.6 per 100,000 cases, 
respectively [2]. Mortality due to breast cancer has significantly declined over the past few decades due to improved treatments and 
early detection [3]. However, there is an overall increase in the incidence of local-stage disease [4–6]. The use of chemo, hormonal or 
targeted molecular therapy shows clinical partial/complete regression and better pathological complete response (pCR) for locally 
advanced breast cancers (LABC), triple-negative breast cancer (TNBC) and metastatic disease when combined with surgery [7,8]. 
However, there is still a risk of loco-regional or distant recurrence and second primary tumors among these patients that reduces 
disease-free survival (DFS), distant metastasis-free survival (DMFS), progression-free survival (PFS), leading to poor quality of life 
(QoL) among cancer survivors [9,10]. Local, regional or distant breast cancer recurrence may occur due to several factors that sustain 
or promote the survival of a few cancer cells, which were intended to be eliminated by therapy [9,11]. Tumor size, lymph node 
involvement, close tumor margins, age, lack of hormone, radiotherapy, and inflammatory breast cancer are some contributory factors 
[9,11,12]. 

Moreover, other than these traditional histopathological prognostic factors, numerous factors related to patient and tumor char-
acteristics can influence breast cancer progression and survival. Hence, gene expression profiling is clinically essential for prognosis 
and treatment planning [13,14]. Similarly, assessing the response rate to standard preoperative chemotherapy requires tools for 
evaluating the risk of recurrence. While pCR and residual cancer burden (RCB) are significant predictors of recurrence-free survival 
(RFS) for all breast cancer patients [15], predicting breast cancer pCR to neoadjuvant chemotherapy demands the identification of 
candidate genes/pathways associated with poor response. Radiotherapy is often delivered post-breast-conserving surgery with sys-
temic adjuvant treatment to destroy remnant cancer cells in the breast, chest wall or underarm area to reduce the risk of recurrence 
[16–18]. However, in many cases, local or ipsilateral breast tumor recurrence is observed even after postoperative radiotherapy [19]. 
Tumors exhibit intrinsic radio-resistance and may also acquire a radioresistant phenotype after exposure to fractionated irradiation 
during radiotherapy [20]. This limits the outcome of radiotherapy, leading to therapy failure or disease return. Hence, tools or 
methodologies that may aid in educated decisions regarding treatment choice hold great translational potential in enhancing thera-
peutic gain. In this regard, gene expression profiling may function as a guiding principle in predicting tumor behaviour, risk of 
recurrence, therapy response and overall clinical outcome of the patient [21–23]. Hence, there is a need to emphasize the basis of 
treatment by evaluation of tumor gene profiling in the current standard of care to enhance real-world outcomes and global health 
status of breast cancer patients. 

We and others have reported that over-expression of Nrf2 and its dependent oxidative stress response pathway regulates intrinsic 
and acquired radio-resistance in cancer cells [24–26]. Thioredoxin reductase (TrxR), under transcriptional control of Nrf2, is a pivotal 
intracellular redox-regulatory protein. TrxR is a dithiol-disulfide oxido-reductase, that reduces critical cysteine residues over several 
proteins involved in antioxidant defense (thioredoxin, peroxiredoxin, methionine sulfoxide reductase), cell survival (PTEN), apoptosis 
(ASK1), transcription factors (Nrf2, NF-κB, p53, Hif1α), and DNA synthesis (ribonucleotide reductase), redox factor-1 (Ref-1) etc. [27, 
28]. TrxR is gaining wider attention as a pharmacologic target for cancer therapy [29–31], and we have recently reviewed the 
literature highlighting the emergence of TrxR as an attractive target for tumor radio-sensitization [32]. Thioredoxin reductase 1 
(Txnrd1) is over-expressed in cholangiocarcinoma, colon adenocarcinoma, esophageal carcinoma, head & neck squamous cell car-
cinoma, liver hepatocellular carcinoma, lung adenocarcinoma, lung squamous carcinoma and stomach adenocarcinoma [33,34]. 
Txnrd1 over-expression is associated with dysplastic transformation of human breast epithelial cells with a certain degree of malig-
nancy [35]. Thioredoxin system is reported to be involved in breast cancer cell invasion, metastasis and poor prognosis of breast cancer 
patients [36,37]. 

Given the pivotal role of Txnrd1 in regulating invasion, metastasis, chemoresistance and radioresistance of breast cancer cells, it 
warrants a detailed investigation in a larger cohort, preferably across the available global datasets, to make it more robust. To this end, 
collating and analyzing data from public gene expression datasets can be highly rigorous and resourceful. However, to our knowledge, 
there is no systematic meta-analysis assessing Txnrd1 gene expression across different clinicopathological parameters of breast cancer, 
probing its possible predictive value for recurrence, metastasis and response to neoadjuvant chemotherapy and radiotherapy. The 
objective of this retrospective analysis is to perform a comprehensive scrutiny to investigate prognostic and/or predictive role of 
Txnrd1 in breast cancer patients. Here, we performed a systematic analysis of RNAseq and microarray data of 13,322 breast cancer 
patients from 43 independent gene expression datasets to examine the association of Txnrd1 expression with tumor grade, size, stage, 
histology, menopause status, pathologic T & N stage, PAM50 molecular subtypes, overall survival (OS), disease-specific survival (DSS), 
recurrence and time to recurrence, metastasis and time to metastasis, response to neoadjuvant chemotherapy and radiotherapy. 
Further, we have performed experiments in relevant breast cancer cell lines to validate the interpretations of this study. Our findings 
project Txnrd1 as a valuable predictor for disease recurrence and therapy response in breast cancer patients. 
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2. Materials & methods 

2.1. Cells and reagents 

The human breast cancer cell lines MCF-7, MDA-MB-468 and MDA-MB-231 were procured from the National Centre for Cell 
Science (NCCS, Pune, India). Cells were cultured in DMEM medium containing 10% (v/v) fetal bovine serum (FBS), 200 mM L- 
glutamine, 100 U/ml penicillin and 100 μg/ml streptomycin (HiMedia, India). Thioredoxin reductase assay kit was purchased from 
Cayman Chemicals (IN, USA). The RNA isolation kit was purchased from HiMedia, India. cDNA synthesis and RT-PCR kit were pro-
cured from Roche (MA, USA). Doxorubicin, auranofin (AF), MTT, formaldehyde, crystal violet and H2DCFDA were procured from 

Table 1 
List of datasets used in the study.  

Sr. 
No. 

Dataset Technology Parameters No. of 
patients 

Ref. 

1 TCGA RNA-seq ER, PR, HER2, PAM50, N, T, histology, menopause, OS, 
DSS, DMI, DFS, PFS 

1218 [59] 

2 Metabric RNA-seq Grade, ER, PR, HER2, PAM50, N, T, histology, menopause, 
recurrence, RFS, OS, DSS, DMI, DFS, radiotherapy 

1904 [60] 

3 GSE11121 Affymetrix HGU Grade, size, metastasis, DMFS 200 [61] 
4 GSE2034 Affymetrix HGU Bone relapse 286 [62] 
5 GSE9893 MLRG Human 21K V12.0 Size, Grade, T, N, histologic subtype, recurrence, OS, 

metastasis 
132 [63] 

6 GSE10886 Agilent Human 1A ER, PR, HER2, node, grade, size, PAM50, recurrence, RFS, 
OS 

189 [64] 

7 GSE18229 Agilent Human 1A Grade, node, size, ER, PR, HER2, PAM50, recurrence, OS, 
RFS 

337 [65] 

8 GSE21653 Affymetrix HGU Grade, ER, PR, PAM50, T, N, histologic subtype, DFS, 
DRFS 

266 [66] 

9 GSE22219 Illumina humanRef-8 v1.0 expression 
beadchip 

Grade, node, size, ER, recurrence, Metastasis, DMFS 216 [67] 

10 GSE22226 Agilent Whole Human Genome 
Microarray 

ER, PR, HER2, PAM50, grade, T, size, recurrence, RFS, OS 221 [68] 

11 GSE30682 Illumina HumanWG-6 ER, PR, HER2, PAM50, T, N, histologic subtypes, 
recurrence, RFS 

165 [69] 

12 GSE31448 Affymetrix HGU ER, PR, T, N, histologic subtypes 353 [66] 
13 GSE31863 SWEGENE Human Histologic subtypes, ER, PR 143 [70] 
14 GSE76275 Affymetrix HGU Histologic subtypes, menopause status 265 [71] 
15 GSE80999 Agilent-028,004 SurePrint G3 Human GE Grade, ER, subtype, 381 [72] 
16 GSE103744 Illumina HumanHT-12 ER 172 [73] 
17 GSE119295 Affymetrix Human Exon 1.0 ST Array ER, PR, HER2, grade 765 [74] 
18 GSE180962 Agilent_human_DiscoverPrint HR, HER2, pCR 163 [75] 
19 GSE6861 Affymetrix Human X3P Array pCR 161 [76] 
20 GSE22093 Affymetrix HGU Grade, T, N, pCR 103 [77] 
21 GSE41998 Affymetrix HGU ER, PR, HER2, menopause, pCR, RCB 279 [78] 
22 GSE32603 UCSF/HAQQLAB_Human_40,986_ISPY HR, HER2, RCB, histology, menopause, recurrence, RFS 221 [79] 
23 GSE25055 Affymetrix HGU Grade, ER, PR, HER2, PAM50, N, T, pCR, recurrence, RFS 310 [80] 
24 GSE25065 Affymetrix HGU  198  
25 GSE25066 (25,055/ 

25,065) 
Affymetrix HGU  508  

26 GSE34138 Illumina HumanWG-6 ER, PR, PAM50, pCR 178 [81] 
27 GSE130788 Agilent-014,850 Whole Human Genome 

Microarray 
pCR 199 [82] 

28 GSE4056 DKFZ/Operon Human Oligo Grade, pCR 100 [83] 
29 GSE158309 Affymetrix HGU Grade, Size, N, Subtype, Metastasis, DMFS 461 [84] 
30 GSE3494 Affymetrix HGU Size, DSS, ER, PR 251 [85] 
31 GSE2990 Affymetrix HGU ER 189 [86] 
32 GSE39004 Affymetrix Human Gene 1.0 ST Array OS 72 [87] 
33 Caldas 2007  Grade, size, DFS, recurrence, OS, 242 [88] 
34 Chin 2006 Affymetrix HGU Size, N, T, DSS, recurrence, 173 [89] 
35 Hess 2006 Affymetrix HGU Grade, size, N, T, histology 133 [90] 
36 Miller 2005 Affymetrix HGU ER, PR, size, DSS 251 [91] 
37 VantVeer 2002 Affymetrix HGU Grade, size, metastasis, 117 [92] 
38 Vijver 2002 Affymetrix HGU OS, metastasis, DMFS 295 [93] 
39 Yau 2010 (GSE2034/ 

5327/7390) 
Affymetrix HGU ER, PAM50, metastasis, DMFS 683 [94] 

40 LN Wang 2005 Affymetrix HGU ER, recurrence, RFS 286 [62] 
41 Desmedt 2007 Affymetrix HGU Size, DSS, DMFS, OS 198 [95] 
42 GSE124647 Affymetrix HGU PFS, OS, PR, stage 140 [96] 
43 GSE7390 Affymetrix HGU Size, ER, RFS, DMFS, OS 198 [97]  
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Merck (NJ, USA). TrxR1 CRISPR plasmids, which consist of a pool of three plasmids, each encoding the Cas9 nuclease and a TrxR1- 
specific 20 nt guide RNA (gRNA) derived from the GeCKO (v2) library designed for maximum knockout efficiency was purchased from 
Santacruz Biotechnology (TX, USA). Lipofectamine 3000 transfection reagent was purchased from Invitrogen. All other chemicals used 
were of analytical grade. 

2.2. Study design and gene expression data 

Literature was reviewed and studies to be included in the meta-analysis were selected and assessed for suitability. To avoid the 
introduction of bias, we did not set any exclusion criteria. This retrospective study used data from 43 different public gene expression 
datasets generated by microarray/RNAseq analysis of tumor specimens from 13,322 patients with breast cancers. The details about the 
dataset, platform used, cohort size, parameters studied and reference to the original study are outlined in Table 1. NCBI Gene 
Expression Omnibus, GEO (http://www.ncbi.nlm.nih.gov/geo/) was searched for gene expression studies. GEO was chosen as it is a 
comprehensive and MIAME (Minimum Information About a Microarray Experiment) compliant database, studies are published in 
peer-reviewed journals, and clinical outcome is published and available for analysis. Raw as well as normalized gene expression files 
are deposited in GEO and available for download and downstream processing. We downloaded pre-processed, normalized data from 
GSE series matrix files associated with each study accessible at GEO. Data from the Molecular Taxonomy of Breast Cancer International 
Consortium (METABRIC) database were obtained via the cBioPortal (http://www.cbioportal.org/). Breast cancer data for Caldas 
2007, Chin 2006, Hess 2006, Miller 2005, VantVeer 2002, Vijver 2002, Yau 2010 (GSE2034/5327/7390), LN Wang 2005, Desmedt 
2007 and data for differential gene expression of Txnrd1 in breast cancer versus normal tissue were available from (https://xena.ucsc. 
edu/). TCGA RNA-seq data was retrieved using UCSC Xena platform. The normalized gene expression data was accessed from UCSC 
Xena repository. Details on the data generation are available in the original TCGA study [38]. Details about the data normalization and 
pre-processing are available on UCSC Xena webpage. Protein expression data from Clinical Proteomic Tumor Analysis Consortium 
(CPTAC) for breast cancer and data for human protein atlas was obtained from (http://ualcan.path.uab.edu/analysis-prot.html) and 
https://www.proteinatlas.org/ENSG00000198431-TXNRD1/pathology/breast+cancer respectively. The rest of the datasets were 
available from (https://www.ncbi.nlm.nih.gov/geo/). Data for Txnrd1 expression in different breast cancer cell lines by Neve 2006 & 
Heiser 2012 was available from (https://xena.ucsc.edu/). 

2.3. Optimal cut-point selection 

Numerous studies discuss diverse methodologies to determine the optimal cut-off for continuous variables, such as gene expression 
data [39,40]. There is an emphasis on a data-driven approach to determine the optimal cut-off for maximum significance between the 
chosen arms (high vs low). However, outcome-oriented methods are expected to have better statistical indicators than data-oriented 
methods [41]. Given the challenges associated with optimal cut-points in evaluating quantitative prognostic factors, we used cut-off 
finder, an easy-to-use web application for determining cut-off points in molecular data [42]. Using Txnrd1 as a biomarker and 
recurrence/metastasis/DFI/DSS/DMFS/OS/PFS/RFS/tumor grade/tumor size as outcomes, multiple methods were employed for 
cut-off determination viz. Fisher’s exact test, ROC curve (Euclidean distance), ROC curve (Manhattan distance), minimum sensitivity, 
minimum specificity, log-rank test, etc. We observed that by selecting the correct outcome classification (in ~75% population) and 
sensitivity ~25%, specificity ~75% as threshold criteria, the study population need to be divided into quartiles according to Txnrd1 
gene expression. Hence, across datasets, patients with Txnrd1 gene expression < Q1 (25th percentile) were categorized as Txnrd1Low 

while those with Txnrd1 gene expression > Q3 (75th percentile) were stratified as Txnrd1High subgroups respectively in the present 
study [43]. 

2.4. Study endpoints 

Study endpoints were divided into three main categories. Cross-study comparison involved analyzing Txnrd1 gene expression 
across various clinicopathological parameters in individual datasets. Data used in this analysis was not normalized to avoid masking of 
underlying associations due to the normalization process. Survival analysis was conducted to determine the cumulative mean time to 
outcome following data normalization to derive meaningful conclusions using pooled data. Finally, meta-analysis was performed to 
combine effect size (hazard ratio, relative risk) across datasets. 

2.5. Cross-study comparison 

The mean expression of Txnrd1 was calculated across various clinical parameters, including tumor grades, pathologic T & N stage, 
ER, PR, and HER2 expression status, molecular subtypes, recurrence and metastasis, and pathologic complete response. Spearman’s 
correlation coefficients were computed for tumor size, grade, recurrence, metastasis, and their intervals using IBM SPSS version 21. To 
assess the significance of differences, t-tests were employed for two-group comparisons, while one-way ANOVA was utilized for 
scenarios involving more than two groups, with a significance level set at p < 0.05. The expression heatmap representing Txnrd1 across 
different parameters was generated using the “pheatmap” package, and a forest plot was created using the “ggplot2” and “ggrepel” 
packages in R software. Additional plots were generated using GraphPad Prism. 

R.S. Patwardhan et al.                                                                                                                                                                                                

http://www.ncbi.nlm.nih.gov/geo/
http://www.cbioportal.org/
https://xena.ucsc.edu/
https://xena.ucsc.edu/
http://ualcan.path.uab.edu/analysis-prot.html
https://www.proteinatlas.org/ENSG00000198431-TXNRD1/pathology/breast+cancer
https://www.ncbi.nlm.nih.gov/geo/
https://xena.ucsc.edu/


Heliyon 10 (2024) e27011

5

Fig. 1. Txnrd1 is not over-expressed in breast tumor tissue 
Workflow outlining the strategy employed for analysis of public gene expression data with respect to Txnrd1 gene expression is shown in (A). 
Pathway analysis was conducted using cBioPortal, and Txnrd1 gene expression between normal and tumor tissue was assessed using TCGA data. 
Txnrd1 protein expression and prognostic value were estimated using CPTAC and human protein Atlas, respectively. Pre-processed, normalized data 
was downloaded and used for downstream analysis. Briefly, Txnrd1 gene expression was assessed across tumor grade, size, hormone receptor 
expression status and molecular subtypes. Survival analysis was conducted for DSS, OS, RFS & DMFS between Txnrd1 high vs low cohort. Meta- 
analysis for hazard ratio (HR) and relative risks (RR) were performed. The number of datasets used and cohort size are indicated at respective 
places. Response to neoadjuvant chemotherapy (NACT) and radiotherapy (RT) was performed with respect to Txnrd1 gene expression status. 
Validation experiments were performed in MCF7, MDA-MB-468 & MDA-MB-231 cells (A). Pathway level alteration in Nrf2, Keap1 and Cul3 gene 
expression as per TCGA-Firehose Legacy (B) and METABRIC (C) obtained from cBioportal. Bar graph shows Txnrd1 gene expression from TCGA- 
BRCA database for normal tissue (n = 114), primary tumor (n = 1097) and metastatic tumor (n = 7). Data is presented as mean ± SEM (D). 
Box plot shows Z-values for protein expression of Txnrd1 in normal (n = 18) and primary tumor tissue (n = 125) (E). Interactive survival scatter 
plots and survival analysis of Txnrd1 in breast cancer from human protein atlas is shown in (F). mRNA expression z-scores relative to all samples 
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2.6. Survival analysis 

Txnrd1 gene expression data was quantile normalized for individual datasets. The data was pooled, and stratification into 
Txnrd1High and Txnrd1Low subgroups was performed by a quartile-based method, as explained in 2.3. Quantile normalization is the 
most preferred data normalization method for microarray and RNA-seq data. It transforms the statistical distributions across samples 
to be the same and assumes global differences in the distribution are induced by only technical variation. It was selected for data 
transformation to adjust the distribution of values in a dataset to make them conform to a common distribution. It helps remove 
systematic biases and ensures that the distribution of expression values is consistent across samples, making it easier to compare and 
analyze the data [44,45]. Survival analysis was conducted on normalized data for individual datasets and respective Kaplan-Meier 
survival curves are shown in supplementary figures. Combined survival analysis of all the datasets was performed on pooled data 
from respective datasets. Kaplan-Meier estimator, along with the Log-Rank (Mantel-Cox) test for DSS or OS or RFS or MFS, was plotted 
using the IBM SPSS version 21 software package. The selection criteria for datasets and the corresponding cohort sizes are outlined in 
Fig. 1A, providing a visual representation of the dataset selection process. 

2.7. Meta-analysis 

Multivariate Cox-regression analysis was conducted, incorporating Txnrd1 expression and other histo-clinical parameters as po-
tential risk factors. This analysis yielded regression coefficients and Hazard Ratios (HR) with 95% confidence intervals (CI) for time-to- 
event outcomes (DSS, OS, RFS, MFS). To combine and analyze the hazard ratios from multiple independent studies, meta-analysis was 
performed using the “meta” package in R software employing the random effects model. Weight assignment was performed by the 
inverse-variance method. Pooled hazard ratio, z-value and associated significance are reported to quantify the hazard associated with 
Txnrd1 gene expression. These results are summarized in Table 5. 

Between study and within study variance (Tau2) was calculated using the DerSimonian-Laird estimator to quantify the uncertainty 
around the estimates. The inverse variance method with the DerSimonian-Laird estimator combines effect sizes, while the Jackson 
method helps calculate confidence intervals for measures of heterogeneity (τ2 and τ). Jackson Method for Confidence Interval of Tau2 

and Tau, along with I2 statistic derived from Cochran’s Q statistic, assessed heterogeneity. The I2 statistic generated from Cochran’s Q 
statistic and degree of freedom in the meta-analysis represents the proportion of total variability in the HR due to heterogeneity rather 
than sampling error. These values for Tau2, Tau, I2, and Q along with associated statistical significance are summarized in Supple-
mentary Table 7. Additionally, Egger’s test was performed to assess the extent of publication bias (Supplementary Table 13). Sensi-
tivity analysis was performed for meta-analysis with moderate heterogeneity by excluding the studies with higher weight assignment 
to assess the impact on pooled effect size, confidence interval and overall statistical significance. 

The number of events in Txnrd1High and Txnrd1Low groups in the study cohort (DSS, OS, RFS, MFS) were enumerated, total number 
of subjects in high and low groups were noted and used as input values for calculating relative risk. Meta-analysis for log-transformed 
relative risk (lnRR) for the event was performed using the “meta” package in R software and the above-stated input values. Results of 
pooled log-transformed relative risks along with statistical tests for assessment of heterogeneity were performed as outlined above. The 
results are presented in Table 5 and Supplementary Table 7, respectively. 

2.8. MTT assay 

Overnight seeded cells (3000/well in a 96-well plate) treated with vehicle or doxorubicin were cultured for 72 h, followed by the 
addition of MTT solution (10 mg/ml), incubation for 3 h and lysis by addition of 100 μl DMSO to each well by proper mixing. 
Absorbance at λ = 570 nm was recorded, and a cell viability plot was generated. 

2.9. ROS measurement 

Overnight incubated cells were stained with H2DCFDA (Ex. 485 nm/Em. 535 nm) followed by treatment with vehicle or doxo-
rubicin (10 μM, 4 h). Cells were washed with 1X PBS and acquired using a Partec Cyflow flowcytometer (GmBH, Germany) or using a 
Synergy H1 multimode microplate reader (BioTek OR, USA). 

2.10. RNA isolation, cDNA synthesis and qRT-PCR 

Cells were processed for RNA isolation using the kit from Himedia (Mumbai, India) following the manufacturer’s protocol [25], 
followed by two-step cDNA synthesis and quantitative real-time PCR. The primer list is provided in Supplementary Table 11. 

2.11. Transfection 

Overnight grown MDA-MB-231 cells (105 cells/2 mL resuspended in 24-well plate) were transfected with TrxR1 CRISPR/Cas9 KO 

from TCGA-Firehose Legacy database with expression heatmap obtained from cBioportal is shown in (G). Statistical significance is calculated using 
One-way ANOVA for (D) and Student’s t-test for (E). 
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Plasmid (#sc-400994-KO-2) using lipofectamine 3000 reagent following manufacturer’s protocol. Briefly, plasmid DNA was mixed 
with transfection reagent and incubated at RT for 10 min. Original media was replaced with DMEM without serum and antibiotic, and 
DNA:transfection reagent mix was added to the cells. DMEM with 2X serum was added after 16 h, and cells were cultured for 24 h. 
Transfection was confirmed visually under the microscope with green fluorescence, and knockout was validated by estimating the gene 
expression, and protein levels of Txnrd1 were quantified by ELISA using a human TrxR1 ELISA kit (Cayman chemicals). Although 
Txnrd1 mRNA levels were undetectable in transfected MDA-MB-231 cells, a small amount of protein was detected by ELISA. We could 
achieve 70% efficiency in reducing Txnrd1 protein levels, and hence, we have referred to these cells as Txnrd1 depleted cells. 

Fig. 1. (continued). 
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Table 2 
Mean Txnrd1 expression based on hormone receptor and HER2 status.  

Dataset Mean ± SEM Txnrd1 gene expression 

ER PR HER2  

Negative Positive Sig. Negative Positive Sig. Negative Positive Sig. 

TCGA 11.00  
± 0.044 

(260) 

10.65 
±0.023 (892) 

<0.001 10.96  
± 0.036 

(376) 

10.62 
±0.026 
(773) 

<0.001 10.81 
±0.028 
(652) 

11.24  
± 0.059 (114) 

<0.001 

METABRIC 0.249  
± 0.058 

(416) 

− 0.124 
±0.029 
(1160) 

<0.001 0.097  
± 0.049 

(709) 

− 0.154 
±0.033 
(805) 

<0.001 − 0.069 
±0.027 
(1325) 

0.19  
± 0.082 (189) 

0.001 

GSE25066 10.51 ±
0.032 (205) 

10.264 ±
0.037 (297) 

<0.001 10.502  
± 0.032 

(258) 

10.218 
±0.04 (243) 

<0.001 10.365 
±0.027 
(485) 

10.428 
±0.22 (6) 

0.919 

Chin 2006 0.159  
± 0.09 (43) 

− 0.119 
±0.086 (75) 

0.039 0.101  
± 0.073 (51) 

− 0.128 
±0.098 (66) 

0.051 NA 

Hess 2006 0.111  
± 0.077 (51) 

− 0.069 
±0.085 (82) 

0.151 0.098  
± 0.075 (75) 

− 0.164 
±0.1 (55) 

0.043 − 0.097 
±0.07 (99) 

0.263  
± 0.11 (33) 

0.016 

Miller 2005 0.187  
± 0.053 (34) 

− 0.065 
±0.022 (213) 

<0.001 0.133  
± 0.043 (61) 

− 0.085 
±0.022 
(190) 

<0.001 NA 

Yau 2010 0.261  
± 0.044 

(235) 

− 0.207 
±0.04 (447) 

<0.001 NA 

vantVeer 0.027  
± 0.018 (46) 

− 0.045 
±0.019 (71) 

0.014 

Node Negative 0.209  
± 0.054 (64) 

− 0.099 
±0.037 (134) 

<0.001 

Lymph Node 
Negative 
Wang 

0.233  
± 0.047 (77) 

− 0.055 
±0.035 (209) 

<0.001 

GSE3494 8.182  
± 0.053 (34) 

7.93 
±0.022 (213) 

<0.001 8.127  
± 0.043 (61) 

7.91 
±0.022 
(190) 

<0.001 NA 

GSE80999 0.268 ± 0.05 
(65) 

− 0.072 
±0.02 (284) 

<0.001 NA 

GSE18229 ¡1.194 ± 
0.054 (92) 

− 1.387 
±0.056 (104) 

0.051 ¡1.231 ± 
0.056 (116) 

− 1.411 ±
0.05 (79) 

0.025 − 1.33 ± 0.046 
(155) 

− 1.202 ±
0.07 (40) 

0.193 

GSE41998 9.242  
± 0.033 

(171) 

9.021 
±0.057 (108) 

<0.001 9.245  
± 0.033 

(179) 

8.999 
±0.059 (99) 

0.001 9.156 
±0.032 (251) 

9.159 
±0.079 (28) 

0.975 

GSE21653 8.577  
± 0.0.054 

(116) 

8.242 
±0.063 (150) 

<0.001 8.584 ± .055 
(130) 

8.201 ±.064 
(136) 

<0.001 NA 

GSE2990 9.239 ± 
0.087(40) 

8.991 
±0.0408 (85) 

0.004 NA 

GSE31448 8.634 ±
0.046 (161) 

8.271 ±
0.053 (188) 

<0.001 8.619 ±
0.046 (177) 

8.253 ±
0.055 (172) 

<0.001 NA 

GSE30682 8.067  
± 0.052 (75) 

7.882 
±0.027 (268) 

0.002 8.074  
± 0.039 

(138) 

7.820 
±0.029 
(205) 

<0.001 7.914 
±0.026 (290) 

7.966 
±0.060 (53) 

0.45 

GSE10886 0.486 ±
0.077 (44) 

0.607 ±
0.054 (70) 

0.192 0.46 ± 0.081 
(43) 

0.65 ± 0.075 
(41) 

0.091 0.548 ± 0.063 
(73) 

0.58 ±
0.075 (11) 

0.851 

GSE22219 9.196 ±
0.051 (82) 

8.993 ±
0.038 (134) 

0.002 NA 

GSE22226 ¡1.744  
± 0.113 (70) 

− 2.061 
±0.123 (51) 

0.065 − 1.827 
±0.110 (72) 

− 1.925 
±0.154 (38) 

0.838 NA 

GSE25055 10.533  
± 0.039 

(131) 

10.195 
±0.044 (174) 

<0.001 10.517  
± 0.038 

(162) 

10.137 
±0.046 
(142) 

<0.001 10.341 
±0.032 (291) 

10.51 
±0.258 (4) 

0.773 

GSE25065 10.469 ±
0.057 (74) 

10.361 ±
0.064 (123) 

<0.01 10.476 ±
0.056 (96) 

10.331 ±
0.071 (101) 

0.28 10.4 ± 0.046 
(194) 

10.263 ±
0.55 (2) 

0.88 

GSE119295 0.215  
± 0.012 (91) 

0.12 ± 0.003 
(672) 

<0.001 0.172  
± 0.007 

(210) 

0.118 
±0.003 
(555) 

<0.001 0.128 
±0.003 (711) 

0.197  
± 0.019 

(54) 

<0.001 

GSE103744 8.128  
± 0.088 (50) 

7.773 ±
0.044 (122) 

<0.001 NA  NA 

GSE31863 ¡1.397 ± 
0.107 (29) 

− 2.026 
±0.057 (114) 

<0.001 ¡1.642  
± 0.093 (47) 

− 2.043 
±0.068 (88) 

0.003 

GSE7390 10.547 ±
0.054 (64) 

10.238 ±
0.037 (134) 

<0.001 NA 
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2.12. Clonogenic assay 

Wild type or Txnrd1 depleted MDA-MB-231 cells (1000 cells per well) grown overnight in a 6-well plate (or 35 mm dish) were 
treated with vehicle or Doxorubicin (10 nM) or exposed to radiation (4 Gy) and cultured for 10–14 days till colonies appear. Colonies 
were fixed using formaldehyde, stained with crystal violet, and imaged under Syngene:GBox Gel documentation system. Colonies were 
counted using ImageJ. 

2.13. Wound healing assay 

Using a sterile microtip, a scratch was made in a plate containing wild type or Txnrd1 depleted MDA-MB-231 cells grown to 
confluency. Cells were washed with 1X PBS and overlaid with 2% FBS containing media. Images were acquired (0 h), and then the cells 
were incubated for 24 h to allow gap closure. after 24 h scratches were re-imaged under microscope and gap closure was estimated 
using ImageJ. 

Mean ± SEM of Txnrd1 expression values is given in front of each dataset for respective ER, PR and HER2 groups. Values in bracket after Mean ± SEM 
indicates number of patients in that group. Values are given in bold if p < 0.05. 
NA: Data not available. 

Table 3 
Mean survival time of breast cancer patients between Txnrd1 expression subgroups.  

DSS  

Txnrd1High Txnrd1Low Sig 

METABRIC 13.491 ± 0.735 years (215) 13.951 ± 0.968 years (86) 0.498 
Miller 2005 9.596 ± 0.621 years (62) 10.954 ± 0.377 years (57) 0.002 
GSE3494 10.665 ± 0.55 years (58) 10.996 ± 0.472 years (62) 0.761 
Node Negative T2 10.493 ± 1.1 years (79) 21.377 ± 1.537 years (42) 0.08 
TCGA-BRCA 16.581 ± 1.073 years (303) 17.628 ± 1.335 years (299) 0.238 
Chin 2006 8.968 ± 0.713 years (30) 12.533 ± 0.753 years (30) 0.165 
Node negative 9.836 ± 1.003 years (50) 13.921 ± 0.864 years (50) 0.02 
RFS 
METABRIC 12.705 ± 0.622 years (285) 17.563 ± 0.784 years (283) <0.001 
GSE25066 5.588 ± 0.268 years (127) 6.729 ±.173 years (127) <0.001 
GSE32603 4.865 ± 0.315 years (62) 5.838 ± 0.262 years (62) 0.015 
GSE22219 6.032 ± 0.485 years (54) 9.186 ± 0.264 years (54) <0.001 
GSE25055 5.559 ± 0.352 years (78) 6.859 ± 0.186 years (78) 0.001 
Wang 2005 8.151 ± 0.727 years (72) 10.085 ± 0.481 years (72) 0.004 
GSE30682 2.623 ± 0.458 years (13) 4.359 ± 0.621 years (17) 0.023 
GSE22226 4.65 ± 0.459 years (33) 4.657 ± 0.408 years (33) 0.527 
GSE9893 3.774 ± 0.22 years (16) 6.552 ± 0.764 years (13) 0.04 
Caldas 10.904 ± 0.867 years (26) 10.422 ± 0.84 years (27) 0.532 
GSE18229 6.496 ± 0.618 years (41) 5.646 ± 0.289 years (40) 0.172 
GSE7390 9.83 ± 1.002 years (50) 13.911 ± 0.863 years (50) 0.02 
DMFS 
GSE158309 18.261 ± 1.163 years (116) 22.225 ± 0.718 years (117) <0.001 
Vijver 2002 10.061 ± 0.899 years (74) 12.823 ± 0.768 years (75) 0.001 
Yau 2010 11.307 ± 0.599 years (170) 16.891 ± 1.233 years (171) <0.001 
vantVeer 2002 6.602 ± 1.065 years (30) 9.813 ± 0.88 years (30) 0.019 
GSE11121 14.469 ± 1.236 years (50) 13.61 ± 0.799 years (50) 0.177 
Node negative 12.707 ± 0.989 years (50) 16.719 ± 0.775 years (50) 0.033 
GSE9893 2.932 ± 0.26 years (16) 5.182 ± 0.696 years (13) 0.002 
OS 
METABRIC 12.498 ± 0.66 years (285) 15.694 ± 0.568 years (283) <0.001 
TCGA 12.588 ± 1.131 years (308) 13.741 ± 1.167 years (308) 0.19 
GSE124647 2.53 ± 0.512 years (35) 4.2 ± 0.552 years (35) 0.009 
Caldas 9.230 ± 0.908 years (26) 11.058 ± 0.76 years (26) 0.185 
GSE22226 5.182 ± 0.365 years (33) 4.932 ± 0.361 years (33) 0.816 
GSE9893 8.964 ± 0.887 years (39) 8.049 ± 0.498 years (39) 0.245 
Vijver 2002 10.83 ± 0.824 years (74) 14.537 ± 0.579 years (75) <0.001 
GSE10886 6.198 ± 0.188 years (25) 7.21 ± 0.938 years (26) 0.085 
GSE39004 4.965 ± 0.838 years (16) 7.614 ± 1.281 years (16) 0.475 
GSE7390 13.288 ± 0.877 years (50) 20.254 ± 0.809 years (50) 0.008 

Mean ± SEM of survival time expressed in years is given in front of each dataset for Txnrd1High and Txnrd1Low subgroups. Values in bracket after 
Mean ± SEM indicates number of patients in that subgroup. Significance values are given in bold if p < 0.05. Values in Txnrd1High sub-group are also 
given in bold where p < 0.05. 
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2.14. Invasion assay 

To test the invasiveness of the cells, a transwell matrigel invasion assay was performed (Corning, Cat# 354,480). MDA-MB-231 
cells were seeded at a density of 2 × 104 cells per well in the upper chamber of a 24-well plate with 8 μm pores. The upper chamber 
contained DMEM without FBS, while the lower chamber of the transwells was filled with DMEM supplemented with 30% FBS. In 
treated groups, both the upper and lower chamber media contained 1 μM AF. Whereas control groups were treated with DMSO. The 
upper chamber was rinsed with 1X PBS after 19 h, and cells remaining at the top of the polycarbonate membrane were removed by 
scrapping with the cotton swab. The cells that had invaded through pores to the lower surface of the membrane were fixed with ethanol 
and stained with 0.5% crystal violet solution. Images were acquired at 10× magnification. 

Table 4 
Hazard ratio (HR) for Txnrd1 gene expression calculated by accounting for the clinico-pathological covariates available in the respective datasets 
along with 95% CI, and significance values is provided for disease-specific survival (DSS), overall survival (OS), recurrence-free survival (RFS) and 
distant metastasis-free survival (DMFS) are provided. Values for HR and significance are indicated in bold if p<0.05.  

Dataset Hazard Ratio (HR) CI (95%) Significance Covariates 

DSS 
GSE3494 2.321 1.066–5.052 0.034 ER, PR, age, size, LN 
Miller 2.165 0.971–4.825 0.059 Age, ER, PR, LN, p53, size 
Chin 2006 1.006 0.481–2.102 0.988 ER, PR, Size, Stage, Subtype 
Node Negative 1.623 0.999–2.638 0.05 Age, Size, ER, stage 
OS 
METABRIC 1.106 1.036–1.181 0.002 ER, PR, HER2, Histology, Menopause 
TCGA 1.171 0.325–4.22 0.81 Age, weight, menopause, histology, node, T stage 
GSE124647 1.303 0.943–1.8 0.11 PR, therapy, Stage 
Caldas 3.674 0.644–20.948 0.143 Age, stage, ER, grade, size 
GSE22226 0.836 0.478–1.461 0.529 Age, size, histology, ER, PR, HER2, PAM50, T stage 
GSE9893 1.417 1.139–1.762 0.002 Age, size, grade, histology, T, N 
GSE10886 0.003 0.000–2.751 0.096 Age, PR, HER2, node, size 
GSE39004 2.242 0.52–9.664 0.28 Age, ER, TNBC, stage, grade, node 
GSE7390 1.623 0.88–2.995 0.12 Age, size, histology, grade, ER 
RFS 
GSE22219 1.791 1.104–2.904 0.018 Age, size, node, ER, grade 
GSE25055 1.752 1.088–2.824 0.021 ER, PR, HER2, ESR, ERBB2 
GSE25066 1.788 1.357–2.356 <0.001 Age, grade, pCR, RCB, ERBB2 
GSE7390 1.685 1.045–2.717 0.032 Age, size, grade, ER, histology 
GSE22226 0.993 0.622–1.586 0.978 Age, histology, size, T stage, ER, PR, HER2, subtype 
GSE32603 1.217 0.813–1.823 0.34 HR, HER2 
Wang 2005 1.819 1.23–2.691 0.003 ER, LN 
GSE30682 1.556 1.03–2.352 0.036 Age, T, N 
Caldas 2007 0.764 0.183–3.191 0.764 Age, ER, Grade, Stage, size 
GSE18229 1.537 0.788–2.995 0.207 Age, ER, PR, HER2, grade, subtype 
DMFS 
GSE158309 1.798 1.295–2.497 <0.001 Age, node, grade, size, subtype 
Yau 2010 1.182 1.001–1.395 0.048 ER, ERBB, PAM50 
Node Negative 1.623 0.999–2.638 0.05 Age, size, ER, grade, histology 
GSE9893 1.496 1.197–1.871 <0.001 Histology, grade, size, T, N  

Table 5 
Pooled Hazard Ratio and ln (RR) after meta-analysis. Values for pooled hazard ratio (HR) and log-transformed relative risk ln(RR) , 95% CI along with 
associated z-value and p-value for disease-specific survival (DSS), overall survival (OS), recurrence-free survival (RFS) and distant metastasis-free 
survival (DMFS) are provided. Values of pooled HR, ln(RR) and significance are indicated in bold if p<0.05.  

HR  

Pooled HR 95%CI z-value p-value 

DSS 1.45 0.92–1.98 5.33 <0.001 
OS 1.23 0.97–1.48 9.36 <0.001 
RFS 1.47 1.25–1.69 13.15 <0.001 
DMFS 1.42 1.14–1.70 16 <0.001 

ln(RR)  
Pooled ln(RR) 95%CI z-value p-value 

DSS 0.26 − 0.06–0.58 1.6 0.109 
OS 0.28 − 0.05–0.60 1.68 0.092 
RFS 0.52 0.23–0.80 3.53 <0.001 
DMFS 0.62 0.36–0.88 4.63 <0.001  
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2.15. Statistical analysis 

Estimation of differences in gene expression among different groups, calculation of correlation coefficient, survival curve com-
parison, hazard ratio and relative risk estimation followed by meta-analysis was performed as stated above. Statistical analysis was 
performed using IBM SPSS ver 21 software or GraphPad Prism software version 9 (La Jolla, USA). The significance between the mean 
of two groups was compared by t-test and for more than two groups One-way ANOVA was used. Log-rank (Mantel-Cox) test was used 
for the comparison of survival curves. The difference between groups is significant if p < 0.05. Data are presented as mean ± S.E.M. 

3. Results 

3.1. Txnrd1 is not over-expressed at mRNA or protein level in breast primary tumor 

Overall workflow adopted for meta-analysis is outlined in Fig. 1A. Txnrd1 is under transcriptional control of the Nrf2-ARE 
pathway. Pathway analysis using cBioportal revealed alterations in the oxidative stress response pathway in 17.2% of TCGA- 
Firehose patients (7% Keap1, 5.6% Cul3, and 4.6% Nfe2l2) (Fig. 1B) and 13.8% of Metabric patients (5.4% Keap1, 4.2% Cul3, and 
4.2% Nfe2l2) (Fig. 1C). Limma_voom analysis in TCGA-BRCA shows a log2 fold change of 0.143, average expression 6.477, and 
adjusted p-value of 0.059 for Txnrd1 in breast cancer vs. normal tissue. The B-statistic suggests the odds of differential expression as 
0.00154, indicating a 0.15% probability that Txnrd1 is differentially expressed in primary breast tumors. Txnrd1 gene expression does 
not vary significantly between normal tissue and breast primary or metastatic tumors in TCGA data (Fig. 1D). Protein level z-scores 
(mass spectrometry) from CPTAC data revealed no significant difference in Txnrd1 protein expression between normal tissue and 
breast cancer primary tumors (Fig. 1E). Further, Txnrd1 is not considered to have prognostic significance for breast cancer according to 
the human protein Atlas (Fig. 1F). 

Oncoprint analysis from TCGA-Firehose legacy and Metabric revealed that 14% of breast cancer patients harbor high Txnrd1 
mRNA levels (exp>1) (Fig. 1G). The expression heatmap shows mRNA expression z-scores (− 3 to 3) relative to all samples among these 
14% of patients, indicating wide variation in Txnrd1 expression among breast cancer patients. While Txnrd1 is not differentially 
expressed between normal and breast tumor tissues, its expression shows considerable variation among breast cancer patients. 

3.2. Txnrd1 expression exhibited positive correlation with tumor grade and size 

Across 21 datasets, Txnrd1 gene expression varied significantly (p < 0.05) according to tumor grade in 15 datasets, with 13 of them 
having p-values ≤0.01 (Supplementary Table 1). The pattern observed in 15 datasets indicated that Txnrd1 expression followed the 
pattern: grade 3 > grade 2 > grade 1 (Fig. 2A). Positive correlation between Txnrd1 gene expression and tumor grade was found in 10 
datasets at p < 0.01, as indicated by Spearman’s correlation coefficient (Fig. 2B & Supplementary Table 2), with correlation co-
efficients consistently >0.2. 

In 13 datasets, tumors with high Txnrd1 expression had a larger size than those with low expression, with significance observed in 5 
datasets (Fig. 2C & Supplementary Table 3). Spearman’s correlation coefficient analysis in 5 datasets showed a significant positive 
correlation (p < 0.05) between Txnrd1 gene expression and tumor size (Supplementary Table 2). The average tumor size was 
significantly larger in Txnrd1High expression patients (25.99 ± 2.63 mm) compared to Txnrd1Low expression cohort (23.40 ± 2.479 
mm) with a mean size difference of 2.59 ± 0.8 mm (95% CI, 0.849–4.331) at p < 0.007 indicating larger size tumors in Txnrd1High 

expression patients. 
In majority of datasets, no significant variation in Txnrd1 expression was observed across different pathologic T stages or path-

ologic N stages (Supplementary Tables 4 and 5). There was no significant difference in Txnrd1 gene expression across histological 
subtypes or menopause status (data not shown). 

3.3. Txnrd1 is over-expressed in hormone receptor-negative and HER2-positive breast cancer 

In a comprehensive analysis across 27 datasets, Txnrd1 gene expression was consistently higher (p < 0.05) in ER-negative breast 
tumors compared to ER-positive patients (Fig. 2D & Table 2). Similarly, across 18 datasets, Txnrd1 expression was significantly 
elevated (p < 0.05) in PR-negative breast cancer patients compared to PR-positive counterparts. In 11 datasets, Txnrd1 gene expression 
was significantly higher in HER2-positive breast tumors compared to HER2-negative patients (p < 0.05). Overall, Txnrd1 expression 
followed the pattern: ER-negative > ER-positive, PR-negative > PR-positive, and HER2-positive > HER2-negative (Fig. 2D & Table 2). 
Overall, Txnrd1 showed a differential expression pattern with respect to breast cancer subtypes. Interestingly, it is overexpressed in 
hormone-receptor-negative and HER2-positive breast cancers. 

Analyzing Txnrd1 gene expression across PAM50 molecular subtypes in 11 datasets revealed that mean expression varied 

Fig. 2. Higher grade and large size tumors exhibit over-expression of Txnrd1 
The expression heatmap of Txnrd1 across tumor grades from different datasets with row z-scores and clustering is shown in (A). Spearman’s rank 
correlation coefficient between Txnrd1 expression and tumor grade is shown in (B). The mean tumor size in Txnrd1 High and Low expression 
subgroups is shown in (C). Expression heatmap of Txnrd1 across ER, PR & HER2 expression status along with row z-scores and clustering is shown in 
(D), and molecular subtypes is shown in (E). 
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significantly (p < 0.05) in all datasets (Supplementary Table 6). Consistent with hormone receptor and HER2 status, luminal A (ER +
PR + HER2-) breast cancer subtype exhibited the least Txnrd1 expression across datasets. In 3 out of 11 datasets, HER2+ subtypes, and 
in another 3 datasets, basal (ER-PR-HER2-) subtype exhibited the highest Txnrd1 gene expression. Interestingly, in the remaining 5 
datasets, luminal B (ER + PR ± HER2+) subtype showed the highest Txnrd1 gene expression. Overall, 8 HER2+ subtypes and 9 HR- 
subtypes exhibited the highest Txnrd1 gene expression, consistent with the overarching pattern observed (Fig. 2E & Supplementary 
Table 6). 

3.4. Txnrd1 over-expression indicated a poor prognosis for breast cancer-specific survival 

In 2 out of 7 datasets, Txnrd1High expression subgroup of patients exhibited significantly shorter (p ≤ 0.01) breast cancer-specific 
survival as compared to Txnrd1Low breast cancer patients (S1A-G & Table 3). A combined survival analysis performed after pooling 
data from all seven datasets, demonstrated that Txnrd1High patients (n = 722) exhibited a mean breast cancer-specific survival of 14.79 
± 0.66 years, while Txnrd1Low subgroup (n = 714) had a longer survival of 16.83 ± 0.65 years (Log-Rank test, p = 0.003) (Fig. 3A). 
Thus, Txnrd1High patients are more likely to succumb to disease related death almost 2 years earlier than Txnrd1Low patients. 
Multivariate Cox-regression analysis, considering covariates such as ER, PR, p53, age, tumor size, lymph node status, molecular 
subtype, menopause status, and histology, revealed hazard ratios (HR) of 2.32 in GSE 3494 (p = 0.03), 2.16 in Miller 2005 (p = 0.06), 
1.006 in Chin 2006 (p = 0.988), and 1.623 in Node negative (p = 0.05), indicating a significant association between Txnrd1 over- 
expression and decreased breast cancer-specific survival (Table 4). Meta-analysis of hazard ratio employing random effects model 
revealed a pooled hazard ratio of 1.45 (95% CI, 0.92; 1.98), z = 5.33, at p < 0.001 (Fig. 3B). This indicated a statistically significant 
hazard associated with Txnrd1 over-expressing breast cancer patients for shorter disease-specific survival. Further, a meta-analysis of 
log-transformed relative risks, considering the number of events (death due to disease) in Txnrd1High and Txnrd1Low expression co-
horts, showed a pooled log-transformed relative risk of 0.26 (95% CI, − 0.06; 0.58) at p = 0.109 with a z-value of 1.6 (Fig. 3C). 
However, the non-significant p-value and the proximity of the result to the null value indicated a non-significant risk for death due to 
disease events in Txnrd1 over-expressing patients. A pairwise comparison of the cumulative mean disease-specific survival between 
Txnrd1High and Txnrd1Low cohort revealed no statistical significance in this cross-study comparison (S1H). This implies that although 
Txnrd1High patients are statistically more likely to experience early mortality there are other confounding factors that are also 
important determinants of disease-specific survival which is explained in detail in the discussion section. 

Significant differences in overall survival among breast cancer patients based on Txnrd1 gene expression were observed in 4 out of 
10 datasets (S2A-J & Table 3). Survival distribution differences were studied by the combined survival analysis conducted after 
pooling data from all ten datasets. Breast cancer patients with Txnrd1 over-expression exhibited significantly shorter overall survival 
(13.819 ± 0.532 years) compared to those with low Txnrd1 expression (15.856 ± 0.607 years) (Log-Rank test, p = 0.009) (Fig. 3D) 
indicating Txnrd1High group of patients are more likely to succumb to death almost 2 years ealier than Txnrd1Low patients. 

Multivariate Cox-regression analysis, accounting for covariates such as ER, PR, HER2, histology, menopause status, age, tumor size, 
and grade, showed varying hazard ratios (HR) across different datasets. Notably, Metabric (HR = 1.106, p = 0.002) and GSE9893 (HR 
= 1.417, p = 0.002) demonstrated significant associations, while other datasets exhibited mixed results (Table 4). Meta-analysis of HR 
across all datasets revealed a pooled HR of 1.23 (95% CI, 0.97; 1.48), z = 9.36 at p < 0.001 (Fig. 3E), indicating a statistically sig-
nificant hazard associated with Txnrd1 over-expression for shorter overall survival. Associated I2, Tau2 statistic along with Chochran’s 
Q statistic, and heterogeneity factor are summarized in Supplementary Table 7. These metrics indicated very low heterogeneity and 
between study variance attributing the results of meta-analysis to the true effect size. 

Additionally, a meta-analysis of log-transformed relative risks, considering the number of events (deaths) in Txnrd1High and 
Txnrd1Low expression cohorts, yielded a pooled log-transformed relative risk of 0.28 (95% CI, − 0.05; 0.60) at p = 0.09 with a z-value of 
1.68 (Fig. 3F). The non-significant p-value and the proximity of the result to the null value indicated a non-significant risk for death in 
patients with Txnrd1 over-expression. Heterogeneity assessment revealed moderate between study variance and cross-study hetero-
geneity. Sensitivity analysis performed by excluding the studies with relatively higher weight assignments revealed moderate changes 
in the overall heterogeneity. Egger’s test result illustrated no strong evidence of publication bias (Supplementary Table 13), indicating 
robustness in the meta-analysis findings. All these findings suggest the statistical significance and the stability of the observed effects 
across various studies. Overall this analysis implies that although there is a strong likelihood of early mortality in Txnrd1High breast 

Fig. 3. Txnrd1 over-expression is associated with an increased hazard of shorter disease-specific survival and overall survival 
Kaplan-Meier survival curve for breast cancer-specific survival generated by pooling the quantile normalized data from all the datasets along with 
the Log-Rank (Mantel-Cox) test p-value is shown in (A). The cumulative mean survival time between high (n = 722) and low (n = 714) expression 
subgroups is shown below the survival curve. Multivariate Cox-regression analysis considering various clinicopathological covariates yielded 
different values for hazard ratio in independent datasets. These results were combined in a meta-analysis performed employing random effects 
model, and the results of the pooled hazard ratio, 95%CI, weight assignment and heterogeneity assessment are shown in (B). By enumerating the 
number of events (death due to disease) in high vs low expression cohort in view of the total cohort size, meta-analysis for log-transformed relative 
risk was performed. Forest plot of overall log-transformed relative risk, 95%CI, weight assignment and heterogeneity are shown in (C). Kaplan-Meier 
survival curve for overall survival generated by pooling the quantile normalized data from all the datasets along with Log-Rank (Mantel-Cox) test p- 
value for Txnrd1High (n = 888) and Txnrd1Low (n = 886) is shown in (D). The pooled hazard ratio for overall survival, along with the statistical 
significance and heterogeneity parameters, is shown in (E). Similarly, a forest plot with results of overall log-transformed relative risk for overall 
survival is shown in (F). Associated statistical significance parameters and values for (B, C, E & F) are shown in Table 5. CI, confidence interval; CE, 
common effects model; RE, random effects model, HR, hazard ratio; ln(RR), log-transformed relative risk. 
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cancer patients, the risk is not associated with only Txnrd1 expression status, which is conceivable considering the role of other clinico- 
pathological factors in determining overall survival. 

Txnrd1 over-expressing breast cancer patients are at high risk of early recurrence and metastasis. 
In 10 out of 11 datasets, Txnrd1 expression is higher in breast cancer patients with recurrence than in patients with no recurrence 

event (Supplementary Table 8A). In 7 out of 11 datasets, Txnrd1 expression is significantly higher (p, <0.05) in breast cancer patients 
with recurrence of the disease as compared to those with no recurrence event (Supplementary Table 8A). Conversely, in one dataset 
(GSE10886) Txnrd1Low expression group has significantly higher recurrence (Supplementary Table 8A). Interestingly, in 8 of these 11 
datasets, Txnrd1 expression exhibited a significant negative correlation with recurrence interval at p, 0.05 level (2-tailed) (Fig. 4A & 
Supplementary Table 2). 

In 9 out of 12 datasets, Txnrd1High breast cancer patients exhibited significantly shorter recurrence-free survival (p < 0.05) 
compared to Txnrd1Low sub-group (S3A-I & Table 3). Combined survival analysis, after pooling data from all 12 datasets, showed that 
Txnrd1High patients experience recurrence after 14.593 ± 0.39 years, while Txnrd1Low breast cancer patients have a longer recurrence- 
free period of 17.1 ± 0.61 years (Fig. 4B). Multivariate Cox-regression analysis, considering various covariates, revealed HR > 1 at p <
0.05 in 6 out of 10 datasets. Meta-analysis of HR, using random-effects model, resulted in a pooled hazard ratio of 1.47 (95% CI, 1.25; 
1.69), z = 13.15 at p < 0.001) (Fig. 4C). Meta-analysis of log-transformed relative risks (lnRR) revealed a pooled log-transformed 
relative risk of 0.52 (95% CI, 0.23; 0.8), z = 3.53 at p < 0.001 (Fig. 4D). Test of heterogeneity indicated low to moderate heteroge-
neity in the studies included in the meta-analysis (Supplementary Table 7). These analyses demonstrated a statistically significant 
hazard associated with Txnrd1 over-expression, indicating an increased risk of early recurrence in breast cancer patients. 

Fig. 4. Txnrd1 overexpression is associated with an increased risk of early recurrence 
Spearman’s correlation coefficient for the correlation between Txnrd1 gene expression and recurrence interval in various datasets is shown in (A). 
Kaplan-Meier survival curve for recurrence-free survival generated by pooling the data for all the datasets after quantile normalization along with 
Log-Rank (Mantel-Cox) test p-value is shown in (B). The cumulative mean survival for Txnrd1High (n = 903) and Txnrd1Low (n = 807) cohorts is 
shown below the survival curve. The hazard ratio for RFS obtained by multivariate analysis for datasets included in this study was examined 
collectively by performing meta-analysis. A forest plot showing the pooled hazard ratio, 95% CI, weight assignment and heterogeneity is shown in 
(C). Meta-analysis of relative risk for recurrence for individual datasets is shown in (D). Associated statistical significance parameters and values for 
(C & D) are shown in Table 5. CI, confidence interval; CE, common effects model; RE, random effects model. 
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Fig. 5. Txnrd1 overexpressing breast cancer patients are at elevated risk for early metastasis 
Spearman’s correlation coefficient for correlation between Txnrd1 gene expression and metastasis and metastasis interval for different datasets is 
shown in (A) & (B) respectively. Kaplan-Meier survival curve for metastasis-free survival by combining the data from all the datasets after quantile 
normalization along with the Log-Rank (Mantel-Cox) test p-value is shown in (C). The cumulative mean survival in Txnrd1High (n = 527) and 
Txnrd1Low (n = 517) cohort is shown below the survival curve. Meta-analysis for hazard ratio and relative risk is shown in (D) & (E), respectively. 
Associated statistical significance parameters and values for (D & E) are shown in Table 5. Survival distribution differences between Txnrd1High and 
Txnrd1Low groups in terms of mean time to metastasis in individual datasets is shown in (F). Statistical significance is calculated by paired t-test. CI, 
confidence interval; CE, common effects model; RE, random effects model. 
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In 6 out of 7 datasets, Txnrd1 expression is significantly higher (p < 0.05) in breast cancer patients with metastasis compared to 
non-metastatic individuals (Supplementary Table 7B). Positive correlation with metastasis is observed in 7 datasets, and negative 
correlation with metastasis interval is noted in 6 datasets based on Spearman’s correlation coefficient at p < 0.05 level (2-tailed) 
(Fig. 5A and B). 

In 6 out of 7 datasets, Txnrd1High breast cancer patients exhibit significantly shorter metastasis-free survival (p < 0.05) compared to 
Txnrd1Low sub-group (S4A-F & Table 3). Combined survival analysis of 7 datasets illustrated that Txnrd1High patients experience a 
metastasis-free interval of 18.02 ± 0.56 years, while Txnrd1Low cohort records a time to metastasis of 19.36 ± 0.50 years (Fig. 5C). 
Multivariate Cox-regression analysis, with age, tumor size, node, grade, subtype, ER as covariates, revealed HR = 1.80 in GSE158309 
(p < 0.001), 1.5 in GSE9893 (p < 0.001), 1.62 in Node Negative (p = 0.05), and 1.18 in Yau 2010 (p < 0.048) (Table 4). Meta-analysis 
of HR revealed a pooled HR of 1.42 (95% CI, 1.14; 1.70), z = 16, p < 0.001 (Fig. 5D) with moderate heterogeneity (Supplementary 
Table 7). Meta-analysis of log-transformed relative risks, considering the number of events (metastasis) in Txnrd1High and Txnrd1Low 

sub-groups, identified a pooled log-transformed relative risk of 0.62 (95% CI, 0.36; 0.88), z = 4.63 at p < 0.001 (Fig. 5E). Paired 
comparison of the cumulative mean metastasis time between Txnrd1High and Txnrd1Low groups across 7 datasets revealed statistically 
significant difference. The bar graph, along with the statistical significance, is shown in (Fig. 5F). These findings collectively 
demonstrate a consistent and statistically significant association between Txnrd1 over-expression and an increased risk of early 
metastasis in breast cancer patients. 

Fig. 6. Txnrd1 overexpression is associated with better response to chemotherapy and resistance to radiotherapy 
qRT-PCR showing Log2 expression of Txnrd1 in MCF7 and MDA-MB-468 cells relative to MDA-MB-231 is shown in (A). The bar graph shows 
baseline TrxR activity in MCF7, MDA-MB-468 and MDA-MB-231 cells (B). Fold change in ROS over control in MCF7, MDA-MB-468 & MDA-MB-231 
cells after doxorubicin treatment is shown in (C). Cell viability of MCF7, MDA-MB-468 & MDA-MB-231 cells after doxorubicin treatment as assessed 
by MTT assay is shown in (D). Data represents mean ± S.E.M. from six replicates pooled from two independent experiments for A-D. Mean Txnrd1 
expression between breast cancer patients with or without pCR is shown in (E). Kaplan-Meier survival curve for recurrence-free survival of breast 
cancer patients after radiotherapy between Txnrd1 high or low expression is shown in (F). Significance is calculated by the Log-Rank (Matel-Cox) 
test, and the cumulative mean survival of Txnrd1High (n = 198) and Txnrd1Low (n = 166) cohorts is shown below the survival curve. Statistical 
significance for B & C is calculated by One way ANOVA, and Student’s t-test was used for D & E. 
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Fig. 7. Multifaceted role of Txnrd1 in regulating survival, treatment sensitivity, motility, and invasion in MDA-MB-231 cells 
Representative images of clonogenic assay performed with wild type and Txnrd1 depleted MDA-MB-231 cells treated with or without Doxorubicin 
or radiation 4 Gy (A). The bar graph shows survival fraction (B). Data represents mean ± S.E.M. from three replicates and two such independent 
experiments were carried out. Representative images of wound healing scratch assay at 0 h and 24 h for wild type and Txnrd1 depleted cells is 
shown in (C). The bar graph shows the percent gap closure (D). Data represents mean ± S.E.M. from nine replicates, and two such independent 
experiments were carried out. Representative images of transwell Matrigel invasion assay performed with MDA-MB-231 cells treated with or 
without pharmacologic inhibitor of TrxR (TrxRi i.e. AF, 1 μM) are shown in (E). The bar graph shows number of cells invaded per field (F). Data 
represents mean ± S.E.M from nine replicates, and two such independent experiments were carried out. Statistical significance was calculated using 
Student’s t-test for B, D & F. 
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3.5. Txnrd1 over-expressing tumors exhibit pCR after neoadjuvant chemotherapy 

In 4 out of 10 datasets, patients achieving pCR after taxane-anthracycline neoadjuvant chemotherapy exhibited significantly 
elevated Txnrd1 gene expression at p < 0.05 compared to the non-pCR group (Supplementary Table 9). Across all 10 datasets, patients 
with pCR consistently showed higher Txnrd1 gene expression compared to those with residual cancer burden (Supplementary Table 9). 
In 7 out of 10 datasets, patients with Txnrd1 expression lower than the median value were associated with poor response to 
chemotherapy (npCR). Numerically, in all datasets, patients with pCR consistently exhibited Txnrd1 expression higher than the 
median Txnrd1 expression value (Supplementary Table 9). 

Analysis of Txnrd1 expression in two datasets encompassing over 50 breast cancer cell lines demonstrated that MDA-MB-231 cells 
(basal) exhibited Txnrd1 gene expression higher than the third quartile (Q3), while MCF7 cells (luminal A) showed Txnrd1 expression 
lower than the (Q1) first quartile (S5A & B & Supplementary Table 10), whereas MDA-MB-468 cells showed Txnrd1 mRNA expression 
higher than MCF7 but lower than MDA-MB-231 cells. Consistent with RNAseq data, MCF7 cells exhibited log2 three-fold lower Txnrd1 
mRNA expression, and MDA-MB-468 cells displayed log2 one-fold lower expression over MDA-MB-231 cells (Fig. 6A). TrxR activity 
assessment revealed the highest TrxR activity in MDA-MB-231 followed by MDA-MB-468 and MCF7 cells (Fig. 6B). Interestingly, ROS 
levels followed the similar trend with maximum increase in Txnrd1 over-expressing MDA-MB-231 cells followed by MDA-MB-468 and 
MCF7 cells after doxorubicin treatment (Fig. 6C). Excess ROS correlated with significantly reduced cell viability of MDA-MB-231 cells 
after doxorubicin treatment as compared to MDA-MB-468 or MCF7 cells (Fig. 6D). Expression data illustrated those patients achieving 
pCR exhibited significantly elevated Txnrd1 expression compared to the non-pCR group (Fig. 6E). These findings establish a consistent 
correlation between Txnrd1 overexpression and the achievement of pCR after neoadjuvant therapy. 

3.6. Txnrd1 over-expression indicated a poor prognosis for recurrence after radiotherapy 

Although radiotherapy exhibits superior tumor control and better QoL with longer event-free survival, not all patients benefit from 
radiotherapy due to the activation of radioresistance post-radiotherapy. Analysis of the gene expression profile induced by exposure to 
radiation in TNBC MDA-MB-231 cells revealed significant upregulation of Txnrd1 in cells exposed to a 9 Gy dose of radiation (Sup-
plementary Table 12) [46]. In Metabric dataset, Txnrd1High breast cancer patients undergoing radiotherapy (n = 292) exhibited a 
mean recurrence interval of 13.02 ± 0.61 (95% CI-11.81; 14.22) years as compared to Txnrd1Low cohort (n = 244) which showed 
mean recurrence interval of 16.89 ± 0.23 (95% CI - 15.26; 18.52) years with log-rank (Mantel-Cox) p-value, 0.019 (Fig. 6F). Thus, 
Txnrd1 over-expressing breast cancer patients who have undergone radiotherapy exhibited significantly shorter recurrence intervals 
as compared to those with low expression of Txnrd1 (Fig. 6F). ROS are principal mediators of radiation injury and hence we sought to 
estimate cellular ROS levels and viability in both the cell lines after exposure to different doses of radiation alone and in combination 
with doxorubicin. MDA-MB-231 cells harboured elevated ROS levels when exposed to radiation alone or combined with doxorubicin as 
compared to MCF7 cells (S5C). However, except doxorubicin +4 Gy combination, the decrease in cell viability of MDA-MB-231 and 
MCF7 cells was comparable (S5D). 

3.7. Txnrd1 regulates in vitro cellular traits associated with survival, recurrence, and metastasis in response to chemotherapy & 
radiotherapy 

Our analyses have identified the positive correlation between Txnrd1 gene expression and tumor grade and size, which is associated 
with proliferation and clonogenic potential in vitro. Corroborating with the findings from gene expression data, our in vitro studies 
revealed that MDA-MB-231 cells exhibited elevated Txnrd1 gene expression and activity compared to other breast cancer cells. 
Moreover, MDA-MB-231 cells also displayed higher ROS levels and enhanced sensitivity to Doxorubicin treatment. To further confirm 
whether high Txnrd1 expression indeed contributes to the effects observed in Txnrd1High cohort and to establish a causal relationship, 
we performed validation experiments employing depletion of Txnrd1 in Txnrd1 over-expressing MDA-MB-231 cells. Transfection with 
TrxR1 CRISPR Cas9 knockout plasmid led to a significant reduction in TrxR1 protein levels, confirming the significant depletion in 
Txnrd1 protein levels (S5E). Txnrd1 depleted MDA-MB-231 cells exhibited significantly reduced colony-forming ability compared to 
wild type cells (Fig. 7A and B). Exposure to 4 Gy radiation substantially decreased survival fraction in both wild type and Txnrd1 
depleted cells. However, Txnrd1 depleted cells showed a marginal decrease in clonogenic potential compared to wild-type cells, 
suggesting a potential role of Txnrd1 in response to radiation. Consistent with our findings about response to neoadjuvant chemo-
therapy in Txnrd1High cohort, Txnrd1 depleted cells displayed limited sensitivity to doxorubicin compared to wild type cells. Wild type 
cells yielded a significantly lower survival fraction than Txnrd1 depleted cells after doxorubicin treatment (Fig. 7A and B). 

Since enhanced motility and invasion are the prerequisites for metastatic spread of the disease, to correlate with tumor metastasis, 
we performed a motility and invasion assay. In the scratch-wound healing assay, Txnrd1 depleted cells showed significantly less gap 
closure as compared to wild type cells (Fig. 7C and D), suggesting a significant role of Txnrd1 in regulating the motile behaviour of the 
cells. Further, we performed a transwell matrigel invasion assay. Here, we used auranofin (1 μM) for pharmacologic inhibition of TrxR. 
We observed that TrxR inhibition significantly attenuated the invasion potential of MDA-MB-231 cells compared to vehicle treated 
control (Fig. 7E and F). Collectively, these in vitro functional assays substantiated our interpretations from public gene expression data 
analysis. 
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4. Discussion 

Nrf2 is a cytoprotective transcription factor, which, besides being the master regulator of antioxidant defence, also governs the 
metabolism of xenobiotics, bioenergetics, metabolic pathways, unfolded protein response, proteostasis, mitobiogenesis, autophagy, 
DNA damage repair and cellular survival [47]. TrxR is one of the Nrf2-dependent genes which reduces disulfide bonds on proteins 
involved in cell survival, proliferation, apoptosis, DNA synthesis, cell cycle, antioxidant response and DNA binding. Although the 
Nrf2-ARE oxidative stress response pathway is altered in >13% of breast cancer patients, Txnrd1 is not differentially expressed be-
tween normal tissue and breast tumor. Hence, it is not considered to have prognostic value. However, among breast cancer patients 
there is wide variation in Txnrd1 mRNA expression. Therefore, there is a need to investigate the underlying factors for observed 
variation, which may unravel novel associations between Txnrd1 gene expression and breast tumor characteristics. Indeed, our 
analysis revealed that Txnrd1 gene expression varied significantly according to tumor grades, and followed the pattern grade 3 > grade 
2 > grade 1. Cross-study comparison revealed that, Txnrd1 gene expression exhibited a significant positive correlation with tumor 
grade. Additionally, the mean tumor size in Txnrd1High cohort is ~2.6 mm larger than Txnrd1Low cohort, regardless of patient and 
tumor characteristics. Moreover, Txnrd1 gene expression exhibited a significant positive correlation with tumor size in many datasets. 
This underscores the association of Txnrd1 over-expression with tumor grade and size, which was not evident by the non-significant 
difference of Txnrd1 gene expression between normal and tumor tissue. It is pertinent to note that about 64% of patients have 
local-stage breast cancer, 27% with regional stage, and 6% have distant stage cancer at the time of diagnosis [48]. Aggressive, 
high-grade tumors are actively dividing and rely on the supply of dNTPs to meet the tumor requirement. Ribonucleotide reductase is 
the only enzyme that can convert rNTPs into dNTPs, which is dependent on Txnrd1 for disulfide reduction. Hence, it is anticipated that 
dividing tumor cells have an increased requirement of Txnrd1 to match their proliferation rate. Further, corroborating this, large 
tumors also exhibited significantly elevated Txnrd1 expression. Concurrently, Txnrd1 depletion in Txnrd1High MDA-MB-231 cells 
significantly reduced clonogenic potential under basal conditions (Fig. 7A and B). This underscored the role of Txnrd1 in regulating 
cell survival and proliferation, potentially linking to advanced tumor grade and large size observed in Txnrd1High aggressive tumors, 
indicating its prognostic value for locally advanced breast cancers. 

It is noteworthy that, lymph node involvement, T stage and tumor histology are governed by the multifactorial interplay between 
tumor and patient body and factors other than Txnrd1 may be influencing the pathophysiological progression of breast cancer. Hence, 
we did not observe any correlation between menopause status, histological subtypes or pathologic T and N stage with Txnrd1 
expression, indicating breast cancer progression independent of Txnrd1 gene expression across these parameters. 

PAM50 molecular subtypes of breast cancer are determined by gene expression signature analysis, which is expensive and not a 
standard clinical practice. However, clinical evaluation of biomarkers viz., ER, PR & HER2 is used to determine four major subtypes as 
luminal A (ER + PR + HER2-), luminal B (ER + PR ± HER2+), basal (ER-PR-HER2-) and HER2 enriched (ER-PR-HER2+) with five- 
year relative survival rates as 92%, 89%, 77% and 83% respectively. Luminal A tumors are the most common, slower-growing, less 
aggressive and exhibit a favourable prognosis as they are responsive to endocrine therapy. Whereas hormone receptor-negative tumors 
are higher grade, fast-growing, aggressive and exhibit poor prognosis. Interestingly, ER-negative and PR-negative breast tumors 
exhibited significantly increased Txnrd1 gene expression, respectively, compared to their respective hormone receptor-positive 
counterpart. While HER2-positive breast cancer patients from 11 independent cohorts exhibited significantly elevated levels of 
Txnrd1. The overall trend suggested that HR-HER2+ breast cancer patients, indicative of aggressive breast cancers, consistently 
exhibited Txnrd1 over-expression. While the luminal A subtype displayed the lowest Txnrd1 gene expression, TNBC, HER2+, and 
luminal B subtypes exhibited over-expression of Txnrd1. Consistent with this pattern, our in vitro studies showed elevated Txnrd1 gene 
expression in MDA-MB-231 (TNBC) than MCF7 (luminal) (Fig. 6A), and TrxR activity followed a similar trend (Fig. 6B). This pattern 
underscores the association of Txnrd1 over-expression with breast cancer subtypes featured by aggressive biology and poor prognosis. 

Breast cancer-specific five-year survival rates depend on the stage of diagnosis and stand at 77% and 90% in TNBC and other breast 
cancers, respectively, for all SEER (The Surveillance, Epidemiology, and End Results Program) stages combined (2011–2017). Com-
bined survival analysis of 7 datasets illustrated that Txnrd1High breast cancer patients succumbed to disease-related mortality ~2.03 
years earlier than Txnrd1Low sub-group. Meta-analysis of hazard ratio from 4 datasets highlighted statistically significant hazard in 
Txnrd1High cohort for shorter disease-specific survival. Although survival analysis was conducted for 7 datasets, meta-analysis could 
include only 4 datasets due to the non-availability of covariates for calculating hazard ratio in other datasets. Given the limited number 
of available datasets and skewed weight distribution in meta-analysis, the results need to be interpreted with caution. However, very 
low heterogeneity and between-study variance signify the robustness of these findings. Meta-analysis of log-transformed relative risks 
assigned no significant risk for disease-related mortality events in Txnrd1High cohort. Results obtained from meta-analysis of hazard 
ratio and relative risks are counterintuitive making it challenging to draw confirmatory inferences. Thus, it can be concluded that 
Txnrd1 over-expression poses a significant hazard for early disease-related mortality. However, Txnrd1 over-expression cannot be 
considered as a risk factor in determining the death due to disease outcome. 

Interestingly, Txnrd1High cohort of patients recorded 2.04 years shorter overall survival as compared to Txnrd1Low cohort. Sup-
porting these findings, meta-analysis identified a statistically significant hazard in Txnrd1 over-expressing breast cancer patients for 
early mortality. However, meta-analysis of relative risks identified negligible mortality risk due to Txnrd1 over-expression. Sensitivity 
analysis by excluding studies with more weight influenced the precision of the outcome highlighting the potential involvement of 
heterogeneity and bias. This is further validated by the moderate heterogeneity present in the meta-analysis. Overall, Txnrd1High breast 
cancer patients experienced significantly lower overall survival but it could not be classified as a risk factor for mortality. Thus, Txnrd1 
cannot be considered as a risk factor in predicting disease-specific or overall survival. These results are reasonable and understandable 
from the clinical perspective given the heterogeneity of patient and tumor characteristics, treatment modality and standard-of-care 
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determine both disease-specific and overall survival. 
Txnrd1 over-expression has a significant positive correlation with disease recurrence and a negative correlation with recurrence 

interval. Txnrd1High patients experienced ~2.5 years earlier disease recurrence than Txnrd1Low group. Interestingly, findings from 
meta-analysis coincided with combined survival analysis illustrating a statistically significant hazard of early recurrence in Txnrd1 
over-expressing breast cancer patients. The robustness of these findings can be visualized from very low associated heterogeneity and 
between-study variance. Moreover, meta-analysis of log-transformed relative risks identified a statistically significant positive risk of 
early recurrence in Txnrd1High breast cancer patients. Despite moderate heterogeneity, sensitivity analysis and Egger’s test revealed no 
impact on the precision or potential publication bias. Collectively, it can be stated that Txnrd1 can act as a prognosticator for disease 
recurrence in breast cancer patients. 

Thioredoxin system is important for the invasion and metastasis of breast cancer cells and exhibits a poor prognosis for distant 
metastasis in breast cancer patients Txnrd1 overexpression has a significant positive correlation with metastasis event and a negative 
correlation with metastasis interval. Txnrd1High cohort exhibited ~1.3 years early distant metastasis compared to Txnrd1Low group. 
Txnrd1High breast cancer patients experienced statistically significant hazard for the shorter metastasis-free period and an elevated risk 
for early metastasis events. The availability of limited number of datasets resulted in moderate heterogeneity for pooled hazard ratio in 
meta-analysis. However, there is no heterogeneity in identifying overall relative risk. Validation experiments revealed that Txnrd1 
depletion in Txnrd1High MDA-MB-231 cells abrogated the motility compared to wild type cells (Fig. 7C and D). Concomitantly, 
pharmacologic inhibition of Txnrd1 hampered the invasiveness of MDA-MB-231 cells (Fig. 7E and F), supporting our findings about 
metastatic behaviour in Txnrd1High cohort. Together the findings from survival and meta-analysis of DSS, OS, RFS & MFS indicated 
that Txnrd1 over-expression is a risk factor for early recurrence or distant metastasis leading to a significant hazard for shorter 
recurrence-free or metastasis-free survival. However, elevated expression of Txnrd1, although poses a significant hazard for mortality, 
it is not a risk factor for the same. In other words, Txnrd1 over-expressing patients are at elevated risk of local or distant disease 
recurrence, which enhances the probability of death. However, several other contributing factors will ultimately determine the risk of 
mortality. 

There lie inherent challenges in collating the data from diverse sources due to different methodologies employed and reliance on 
publicly available data. Differences in experimental design, platforms, and data preprocessing methods across studies can introduce 
technical variability. Differences in patient demographics, treatment histories, and clinical variables may impact gene expression 
patterns. Additionally, publication bias and selective reporting may lead to overestimation of the actual effect. Here, we have 
attempted to mitigate these issues by employing multiple strategies to overcome these limitations. Further, we have also performed 
validation experiments to account for the biological complexity and variability. 

Neoadjuvant chemotherapy is used as a preoperative therapy to shrink the tumor mass, facilitating easy and less extensive surgical 
removal of tumor. It is primarily used in HER2+ and TNBC cancers, and it is shown to completely clear all the clinical evidence of 
cancer. Summary analysis revealed that it is as effective as adjuvant therapy regarding survival and distant recurrence. RCB scale is 
used to predict the outcome of neoadjuvant chemotherapy, with RCB 0 indicating pCR and RCB III as residual disease (RD). Taxane- 
anthracycline neoadjuvant chemotherapy is widely adopted due to its clinical benefit in improved pathological complete response rate 
and recurrence-free survival. It is essential to develop genomic predictors for response and survival after neoadjuvant chemotherapy 
due to cases of LABC, which failed to respond to neoadjuvant taxane-anthracycline chemotherapy. Interestingly, breast cancer patients 
exhibiting pCR harboured elevated Txnrd1 than npCR group in all the datasets. Patients that exhibited npCR harboured lower than 
median Txnrd1 mRNA levels in the respective cohort. Although the analysis revealed that Txnrd1 over-expression is associated with 
faster recurrence and poor prognosis for metastasis-free survival, counterintuitively, it is associated with improved pCR for taxane- 
anthracycline neoadjuvant chemotherapy. 

Thioredoxin is known to be responsible for the redox cycling of anthracyclines, thereby generating superoxide and increased DNA 
damage [49,50]. Breast cancer cells with thioredoxin overexpression exhibit enhanced ROS production and apoptosis upon anthra-
cycline treatment. Thus, thioredoxin is known to sensitize cancer cells to anthracycline toxicity [51]. In line with these findings, it is 
imperative to understand that Txnrd1 over-expressing breast cancer patients exhibit better pCR after taxane-anthracycline neo-
adjuvant chemotherapy probably due to enhanced cancer cell killing by excess ROS generation. Corroborating with our meta-analysis, 
MDA-MB-231 cells exhibited elevated Txnrd1 gene expression, activity and lower viability after doxorubicin treatment (Fig. 6D). 
Moreover, Txnrd1 depleted MDA-MB-231 cells showed limited sensitivity to doxorubicin as compared to wild type cells (Fig. 7A and B) 
confirming the causal role of Txnrd1 in determining response to neoadjuvant chemotherapy. 

Radiation therapy is used as a post-operative therapy to reduce the risk of recurrence after surgery. Radiation therapy reduces the 
10-year risk of recurrence by 50% and the 15-year risk of mortality by 20% [52]. Concurrent chemoradiotherapy is used in high risk, 
advanced stage cancer patients with or without surgery for better therapeutic benefit [53,54]. Meta-analysis revealed that Txnrd1 
over-expressing breast cancer patients treated with radiotherapy exhibited early recurrence of disease by almost 2.8 years as compared 
to a low-expression cohort. It was observed that Txnrd1High expressing MDA-MB-231 cells harboured elevated ROS levels after 
exposure to ionizing radiation alone or in combination with doxorubicin in comparison to MCF7 cells (S5C). Additionally, Txnrd1 
depleted MDA-MB-231 were more sensitive to radiation induced killing (Fig. 7A and B) establishing the role of Txnrd1 in response to 
radiotherapy. Further, although doxorubicin alone decreased the viability of MDA-MB-231 cells significantly as compared to MCF7 
cells, there was no synergistic decrement in cell viability in doxorubicin + radiation combination treatment in either cell type (S5D). 
Although further experimental proof is required it may be presumed that elevated oxidative burden in Txnrd1High MDA-MB-231 cells 
may describe the early recurrence of disease in Txnrd1High expression subgroup of breast cancer patients. Earlier, we have shown that 
Txnrd1 is over-expressed in radioresistant human lung cancer cells [20], and is an attractive target for radiosensitization of breast 
cancer [32]. Chlorophyllin, a semisynthetic chlorophyll derivative, has been shown to induce cancer cell killing by targeting 
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mammalian thioredoxin reductase [55]. We have also demonstrated that chlorophyllin could enhance the radiation-induced killing of 
human breast cancer cells in vitro and in xenograft tumor-bearing SCID mice [56]. Further, pharmacologic inhibition of TrxR using IQ9 
enhanced radio-sensitivity of Txnrd1 high expressing MDA-MB-231 but not MCF-7 cells [57]. Another study reports that auranofin, a 
well-known TrxR inhibitor, exhibited potent radiosensitization of murine mammary carcinoma 4T1 cells [58]. These findings coupled 
with our meta-analysis warrant further preclinical studies using drug (TrxR inhibitor) -radiotherapy combinations in breast cancer 
models. 

5. Conclusions 

Thus, to summarise Txnrd1 over-expression is associated with higher grade, hormone receptor negative, HER2 positive, larger 
tumors of aggressive subtype and exhibit significant hazard for shorter breast cancer-specific and overall survival. Txnrd1 over- 
expressing breast cancer patients are at elevated risk of early recurrence and metastasis. Further, Txnrd1High-expression cohort of 
breast cancer patients exhibit a pathologic complete response to neoadjuvant chemotherapy but are poor responders to radiotherapy 
(Scheme 1). Hence, in Txnrd1 over-expressing breast cancer patients, radiotherapy can be combined with taxane-anthracycline 
chemotherapy for better therapeutic outcomes. 
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Authors have used data from public gene expression repositories. 

Use of generative AI and AI-assisted technologies 

Authors have not used any generative AI or AI-assisted technologies during writing of this manuscript. 

Availability of data 

The data that support the findings of this study are openly available in The Cancer Genome Atlas (http://cancergenome.nih.gov/), 
cBioPortal (http://www.cbioportal.org/), UCSC Xena (https://xena.ucsc.edu/), UALCAN (http://ualcan.path.uab.edu/analysis-prot. 
html), GEO ((https://www.ncbi.nlm.nih.gov/geo/) and Human Protein Atlas (https://www.proteinatlas.org/ENSG00000198431- 
TXNRD1/pathology/breast+cancer). The complete list of the source of data is provided in Table 1. The experimental data that sup-
port the findings of this study are available on request from the corresponding author with prior permission of Department. 

Scheme 1. Txnrd1 over-expression is associated with recurrence, metastasis and therapy response in breast cancer.  
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