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Figure S1 

 

Legend: Biological pathways conserved between human prostate cells and mouse 

prostate tissues in response to oxidative stress (related to Figure 1). Gene set enrichment 

analysis (GSEA) comparing pathway signatures from human NKX3.1-expressing versus control 

RWPE1 cells (reference signatures, n = 6/group) with the corresponding pathway signatures from 

mouse prostate from Nkx3.1+/+ versus Nkx3.1-/- mice (query signatures, n=6/group). (A, B) Cross-

species GSEA comparing human and mouse pathway signatures from samples treated with 

vehicle (A) or paraquat (B). NES (i.e., Normalized Enrichment Score) and P values were 

calculated using 1,000 pathway permutations. The query pathway set was defined as the 50 top-
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most significant up- and down-regulated pathways. (C, D) Depiction of leading-edge pathways 

from the human-mouse comparisons (in A and B) showing human (left) or mouse (right) 

signatures from samples treated with vehicle (C) or paraquat (D). NES are indicated. Complete 

lists of differentially regulated genes and pathways for mouse prostate tissues and human 

prostate cells are provided in Datasets 1-4.  
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Figure S2 
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Legend: Additional analyses of protection against oxidative stress by mouse Nkx3.1 in 

vivo (related to Figure 1). (A and B) Analyses of ROS in anterior prostate of Nkx3.1+/+ and Nkx3.1-

/- mice treated with paraquat (10mg/kg/day in drinking water) or vehicle (water alone) for 1 month. 

(A) Representative images of DHE or CM-H2DCFDA fluorescence analysis to visualize 

superoxide and hydrogen peroxide, respectively. Scale bars represent 50μm. (B) Quantification 

of CM-H2DCFDA fluorescence. P values were calculated using two-sample unpaired Welch t-

test. ns, not significant. (C) Analysis of histological phenotype of dorsolateral and ventral prostate 

following long term paraquat treatment (9 months). Scale bars represent 50μm (low) and 20μm 

(high). (D) Representative low power electron micrographs of mitochondria from the anterior 

prostate. Scale bars represent 500nm. (E) Quantification of TMRE fluorescence for the analysis 

of mitochondrial membrane potential of the dorsolateral and ventral prostate following long term 

paraquat treatment (9 months). Data are expressed as the mean TMRE fluorescence intensity 

showing the mean ± SD. P values were calculated using two-sample unpaired Welch t-test. (F-J) 

Phenotypic analyses in seminal vesicle in response to oxidative stress. (F) Analysis of histological 

phenotype following long term paraquat treatment (9 months). Scale bars represent 50μm (low) 

and 20μm (high). (G) Quantification of ROS fluorescence after short-term paraquat treatment (1 

month), as detected by DHE or CM-H2DCFDA, as indicated. (H-J) Analyses of mitochondrial 

phenotype in the seminal vesicle following long term paraquat treatment (9 months). Data show 

the summary from analyses of 9-14 mice/group and are expressed as the mean percentage ± 

SD. P values were calculated using two-sample unpaired Welch t-test. ns, not significant. (H) 

Representative electron micrographs of mitochondria. Scale bars represent 100nm. (I) 

Quantification of relative number (left) or area (right) of mitochondria. (J) Quantification of TMRE 

fluorescence for the analysis of mitochondrial membrane potential following long term paraquat 

treatment (9 months). Data are expressed as the mean TMRE fluorescence intensity showing the 
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mean ± SD. P values were calculated using two-sample unpaired Welch t-test. ns, not significant. 

Data summary is provided in Supplementary Table S1. 
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Figure S3 
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Legend: Additional histological analyses of the consequences of paraquat treatment in 

vivo (related to Figure 1). Cohorts of Nkx3.1+/+ and Nkx3.1-/- mice were treated with paraquat 

(10mg/kg/day in drinking water) or vehicle (water alone) for 9 months. H&E images show 

representative tissues from analyses of 4 mice/group. Scale bars represent 50μm.  
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Figure S4 
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Legend: Additional analyses of NKX3.1 protection against oxidative stress in human 

prostate cells in vitro (related to Figure 1). (A) FACS analysis showing the gating for DHE 

fluorescence. Shown is a representative depiction of the FACS gating for NKX3.1-expressing 

RWPE1 cells treated with paraquat (100μM) for 24 hours. Similar gating workflow was applied for 

all FACS analyses of human prostate cells, which were varied based on the ROS fluorescent dye 

used (see Methods). (B-G) Analyses of LNCaP cells. (B) Quantification of mean ROS intensity as 

detected by CM-H2DCFDA production. Cells were treated with vehicle (media alone) or with 

paraquat (100μM for 24 hours), hypoxia (1% pO2 for 24 hours) or hydrogen peroxide (200μM for 

6 hours), as indicated. (C-F) Rescue of NKX3.1 knockdown by exogenous NKX3.1 in LNCaP cells 

expressing a control or NKX3.1 shRNA, with or without exogenous NKX3.1, as indicated. (C) 

Western blot analysis of total protein lysates. (D) Representative histograms from ROS analyses. 

(E) Quantification of mean ROS intensity as detected by DHE production. Cells were treated with 

vehicle (media alone) or paraquat (100μM) for 24 hours. (F) Quantification of mean ROS intensity 

as detected by DHE (left) or MitoSOX (right) production. Cells were treated with vehicle (media 

alone), paraquat (100μM for 24 hours), or paraquat plus the mitochondrial anti-oxidant, MitoQ 

(50μM for 12 hours), as indicated. (G) Representative confocal images showing staining of 

mitochondria with MitoTracker Red CMXRos (red); nuclei were visualized by labeling with DAPI 

(blue). Scale bars represent 25μm. (H-K) Analyses of RWPE1 cells. (H) Quantification of mean 

ROS intensity, as detected by CM-H2DCFDA production. Cells were treated with vehicle (media 

alone) or with paraquat (100μM for 24 hours), hypoxia (1% pO2 for 24 hours) or hydrogen peroxide 

(200μM for 6 hours), as indicated. (I) Quantification of mean ROS intensity as detected by DHE 

(left) or MitoPY1 (right) in cells treated with vehicle or MitoParaquat (50μM for 12 hours), as 

indicated. (J) Quantification of mean ROS intensity as detected by MitoSOX of NKX3.1-

expressing or control RWPE1 cells. Cells were treated with vehicle (media alone), paraquat 

(100μM for 24 hours), or paraquat plus the mitochondrial anti-oxidant, MitoQ (50μM for 12 hours), 
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as indicated. (K) Representative confocal images showing staining of mitochondria with MitoView 

Green (red); nuclei were visualized by labeling with DAPI (blue). Scale bars represent 25μm. 

Panels B-F and H-J show representative data from 3 independent experiments; each experiment 

was done in triplicate or quadruplicate (for a total of 9-12 independent replicates/group). Data are 

expressed as the mean fluorescence ROS dye intensity showing the mean ± SD. P values were 

calculated using two-sample unpaired Welch t-test. ns, not significant. Data summaries are 

provided in Supplementary Tables S3 and S4. 
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Figure S5 
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Legend: Analyses of NKX3.1 protection against oxidative stress in BPH1 cells in vitro 

(related to Figures 1 and 2). (A) Western blot analyses of total protein lysates in BPH1 cells 

expressing 2 independent shRNA for NKX3.1 (shNKX3.1#1, shNKX3.1#2) or the control 

(shControl). (B-F) Analyses of ROS production. (B) Representative histograms. (C and D) 

Quantification of mean ROS intensity as detected by DHE or MitoSOX production. Cells were 

treated with vehicle (media alone) or paraquat (100μM) for 24 hours. (E and F) Quantification of 

mean ROS intensity as detected by DHE or MitoSOX production. Cells were treated with vehicle 

(media alone) or MitoParaquat (50μM for 12 hours), as indicated. Panels B-F show representative 

data from 3 independent experiments; each experiment was done in triplicate or quadruplicate 

(for a total of 9-12 independent replicates/group). Data are expressed as the mean fluorescence 

ROS dye intensity showing the mean ± SD. P values were calculated using two-sample unpaired 

Welch t-test. ns, not significant. (G-H) Subcellular localization of NKX3.1 in BPH1 cells treated 

with paraquat (100μM) or vehicle for 24 hours. (G) Representative confocal images. Samples 

were co-stained with anti-NKX3.1 and anti-ATPB antibodies to visualize mitochondria (green); 

nuclei were visualized by labeling with DAPI (blue). Scale bars represent 50μm. (H) Western blot 

analyses following biochemical fractionation for isolation of total nuclear or total mitochondrial 

fractions, as detected using histone H3 (H3) and ATPB as markers of these fractions, 

respectively. Data summary is provided in Supplementary Table S3.  
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Figure S6  
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Legend: Additional analyses of NKX3.1 mutated proteins (related to Figure 2). (A, B) 

Analyses of NKX3.1-expressing or control RWPE1 cells. Biochemical fractionation of cellular 

organelles was done on cells treated with paraquat (100μM) or vehicle for 24 hours to isolate 

nuclear or total mitochondrial fractions (see Methods). (A) Western blot was done with lysates 

from whole cell, nuclear or mitochondrial fractions using histone 3 (H3) and ATPB as markers of 

these fractions, respectively. (B) Western blot analyses of isolated mitochondria that were 

untreated (intact), or exposed to proteinase K or sonication, or both, as indicated. TOMM70A is a 

marker of mitochondrial outer membrane and MT-CO1 is a marker of the mitochondrial inner 

membrane. (C-I) Analyses of RWPE1 cells expressing the control vector, wild-type NKX3.1, or 

the indicated NKX3.1 mutated proteins, T164A, R52C, or R52A, as indicated. Cells were treated 

with paraquat (100μM) or vehicle for 24 hours. (C) Gel retardation analysis using protein lysates 

isolated from the nuclear or mitochondrial fractions (5 µg) of paraquat-treated cells, as indicated. 

Gel retardation assays were done using a radiolabeled DNA probe containing the NKX3.1 

consensus DNA binding site (see Methods). (D) Representative confocal images showing co-

staining of NKX3.1 (red) and anti-ATPB to visualize mitochondria (green); nuclei were visualized 

by labeling with DAPI (blue). Scale bars represent 25μm. (E) FACS analysis showing MitoPY1 

fluorescence in cells treated with vehicle (media alone) or paraquat (100μM) for 24 hours, as 

indicated. (F) Quantification of mean ROS intensity, as detected by DHE (left) or MitoPY1 (right) 

production. (G and H) Cells were treated with vehicle, paraquat (100μM for 24 hours) or 

MitoParaquat (50μM for 12 hours). Quantification of mean ROS intensity, as detected by CM-

H2DCFDA. (I) Cells were treated with vehicle (media alone), paraquat (100μM for 24 hours), or 

paraquat plus the mitochondrial anti-oxidant, MitoQ (50μM for 12 hours), as indicated. 

Quantification of mean ROS intensity, as detected by MitoPY1. Panels E-I show representative 

data from 3 independent experiments; each experiment was done in triplicate or quadruplicate 

(for a total of 9-12 independent replicates/group). Data are expressed as the mean fluorescence 
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ROS dye intensity mean ± SD. P values were calculated using two-sample unpaired Welch t-test. 

ns, not significant. Data summary is provided in Supplementary Table S5. 
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Figure S7 

 

Legend: Additional analyses of NKX3.1 truncated proteins (related to Figure 2). (A) 

Schematic showing N-Terminal, C-Terminal (white boxes) and homeodomain (black box) regions 

of the NKX3.1 protein and the corresponding truncated proteins analyzed in this study. Also 

shown is a summary of the DNA binding, mitochondrial localization and ROS response. High level 

activity is indicated by (+) and no/low level activity by (—). (B-E) Analyses of RWPE1 cells 

expressing the control vector, wild-type NKX3.1, or the indicated NKX3.1 truncated proteins. (B) 

Western blot analyses following biochemical fractionation for isolation of total nuclear or total 
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mitochondrial fractions from paraquat-treated cells, as detected using histone H3 (H3) and ATPB 

as markers of these fractions, respectively. (C) Gel retardation analysis using protein lysates 

isolated from the nuclear or mitochondrial fractions (5 µg each) of paraquat-treated cells. Gel 

retardation assays were done using a radiolabeled DNA probe containing the NKX3.1 consensus 

DNA binding site (see Methods). (D and E) Quantification of mean ROS intensity, as detected by 

DHE (D) or MitoPY1 (E) production. Cells were treated with vehicle (media alone) or paraquat 

(100μM) for 24 hours. Panels D and E show representative data from 3 independent experiments; 

each experiment was done in triplicate or quadruplicate (for a total of 9-12 independent 

replicates/group). Data are expressed as the mean fluorescence ROS dye intensity mean ± SD. 

P values were calculated using two-sample unpaired Welch t-test. ns, not significant. Data 

summary is provided in Supplementary Table S5. 
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Figure S8 

 

Legend: Time-course analyses of mitochondrial localization of NKX3.1 following oxidative 

stress (related to Figure 3): NKX3.1-expressing or control RWPE1 cells were treated with vehicle 

or paraquat (100μM), or cycloheximide (3.5μM) plus paraquat (100μM) or for 3, 6, 12 or 24 hours, 
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as indicated. (A) Biochemical fractionation of cellular organelles was done on cells to isolate the 

nuclear or mitochondrial fractions, followed by western blot analysis using histone 3 (H3) and 

ATPB as markers of the nuclear or mitochondrial fractions, respectively. (B) Quantification of 

mean ROS intensity, as detected by DHE (left) or MitoPY1 (right) production. Panels in B show 

representative data from 3 independent experiments corresponding to analyses of 3-24 

independent samples/group. Data are expressed as the mean fluorescence ROS dye intensity 

mean ± SD. P values were calculated using two-sample unpaired Welch t-test. ns, not significant. 

Data summary is provided in Supplementary Table S6. 
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Figure S9 

 

Legend: Analyses of NKX3.1 import and export to nuclei and mitochondria (related to Figure 

3). RWPE1 cells expressing exogenous NKX3.1, T164A, or R52C were treated with paraquat 

(100μM), Leptomycin B (a nuclear export inhibitor, 9nM) plus paraquat (100μM), or Valinomycin 

(a mitochondrial import inhibitor, 10μM) plus paraquat (100μM) for 24 hours, as indicated. (A) 

Western blot analysis following biochemical fractionation to isolate total nuclear or total 

mitochondrial fractions, using Histone 3 (H3) and ATPB, respectively, as markers of these 

fractions. (B) Quantification of mean ROS intensity, as detected by DHE (left) or MitoPY1 (right) 
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production. Data are expressed as the mean fluorescence ROS dye intensity showing the mean 

± SD. P values were calculated using two-sample unpaired Welch t-test. ns, not significant. Shown 

are representative data from 3 independent experiments corresponding to analyses of 3-24 

independent samples/group. Data summary is provided in Supplementary Table S6. 
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Figure S10 
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Legend: Additional analyses of NKX3.1 regulation of mitochondrial ETC genes (related to 

Figure 4). Quantitative real-time PCR analysis showing relative expression of MT-encoded ETC 

and other non-ETC genes in human prostate cells and mouse prostate tissues. (A) Analysis of 

LNCaP cells expressing shNKX3.1 shRNA (or a control shRNA) alone or with exogenous NKX3.1, 

T164A, or R52C, as indicated. Cells were treated with vehicle (media alone) or paraquat (100μM) 

for 24 hours. (B) Analysis of prostatic tissue from Nkx3.1+/+ and Nkx3.1-/- mice treated with 

paraquat (10 mg/kg/day) or vehicle for 9 months and analyzed at 12 months of age. (C) Analysis 

of RWPE1 cells expressing exogenous NKX3.1 plus an shRNA against HSPA9 (or a control 

shRNA) treated with vehicle or paraquat (100μM) for 24 hours. (D) Analysis of LNCaP cells 

expressing the NKX3.1 shRNA (or a control shRNA) alone or with an shRNA against HSPA9. 

Cells were treated with vehicle (media alone) or paraquat (100μM) for 24 hours. (E) Analysis of 

LNCaP cells expressing the NKX3.1 shRNA (or a control shRNA) alone or with exogenous 

NKX3.1. Cells treated with vehicle (media alone), paraquat (100μM for 24 hours), or paraquat 

plus the mitochondrial anti-oxidant, MitoQ (50μM for 12 hours), as indicated. Shown are 

representative data from 3 independent experiments, each done in triplicate (9 independent 

samples/group). Data are expressed as relative mRNA levels (relative to 18s rRNA expression) 

showing the mean ± SD; P values were calculated using two-sample unpaired Welch t-test. 
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Figure S11 

 

Legend: Analyses of NKX3.1 regulation of mitochondrial transcription (related to Figure 4). 

RWPE1 expressing exogenous NKX3.1, T164A, R52C, or the control vector were treated with 

vehicle, paraquat (100μM for 24 hours) and/or the mitochondrial-specific transcription inhibitor, 

Balapiravir (15μM for 12 hours), as indicated. (A) Quantification of mean ROS intensity, as 
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detected by DHE. Data are expressed as the mean fluorescence ROS dye intensity mean ± SD. 

(B) RT-qPCR analysis of RWPE1 cells, showing relative expression of mitochondrial-encoded 

ETC and non-mitochondrial (nuclear) genes. Shown are representative data from 3 independent 

experiments, each done in in triplicate (for a total of 9 independent replicates/group); P values 

were calculated using two-sample unpaired Welch t-test. ns, not significant.   
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Figure S12 

 

Legend: Additional analyses of NKX3.1 binding to the D-loop (related to Figure 4). (A) 

Chromatin immunoprecipitation-quantitative PCR (ChIP-qPCR) analysis of NKX3.1 binding to the 

mitochondrial genome in NKX3.1-expressing RWPE1 cells treated with paraquat (100μM) or 

vehicle, as indicated. (B) (left) Schematic diagram showing the position of the D-loop in the mouse 

mitochondrial genome and indicating the location of the Nkx3.1 consensus DNA binding site 

(AAGTA) and the positions of two independent primer sets (primer sets A and B) used for 
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Chromatin immunoprecipitation-quantitative PCR (ChIP-qPCR) (arrows). LSP, light strand 

promoter position. HSP1, heavy strand promoter 1 position. HSP2, heavy strand promoter 2 

position. (right) ChIP-qPCR of Nkx3.1 binding to the D-loop in mouse prostate tissue, using primer 

set A. ChIP was done with using an antibody that recognizes mouse Nkx3.1 (AthenaES #0315; 

Table S9). Data are expressed as relative enrichment of NKX3.1 binding mean ± SD. P values 

were calculated using two-sample unpaired Welch t-test. ns, not significant. (C) ChIP-qPCR of 

NKX3.1 binding to the D-loop in NKX3.1-expressing RWPE1 co-infected with an shRNA for 

HSPA9 and treated with vehicle or paraquat (100μM) for 24 hours. ChIP was done with using an 

antibody that recognizes human NKX3.1 (AthenaES #0314; Table S9). Data are expressed as 

relative enrichment of NKX3.1 binding mean ± SD. P values were calculated using two-sample 

unpaired Welch t-test. ns, not significant. 
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Figure S13  

 

Legend. Additional analyses of metabolic-related functions of NKX3.1 (related to Figure 5). 

(A) Mitochondrial activity of OXPHOS Complex I, II, III, IV and V in RWPE1 cells expressing 

exogenous NKX3.1, T164A, or R52C, or the control vector, treated with paraquat (100μM) plus 

MitoQ (15μM). Isolated mitochondria from paraquat (100μM) plus MitoQ (15μM)-treated RWPE1 

cells were used to measure individual OXPHOS Complex activity. Each panel shows 

representative data from 3 independent experiments, each done with 5 independent samples (for 

a total of 15/group); P values were calculated using two-sample unpaired Welch t-test. (B-C) 

Measurement of NADH/NAD+ ratio (C) and relative ATP levels (D) in anterior prostates from 
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Nkx3.1+/+ and Nkx3.1-/- mice treated with paraquat (10mg/kg/day in drinking water) or vehicle 

(water alone) for 9 months. Each panel shows representative data from 3 independent 

experiments, each done in triplicate (for a total of 9 independent replicates/group); P values were 

calculated using two-sample unpaired Welch t-test. ns, not significant. (D-F) L-Lactate 

concentration measurement in RWPE1 cells expressing NKX3.1, T164A, or R52C, or the control 

vector treated with vehicle, paraquat (100μM) (D), mitoparaquat (50μM) (E) or paraquat (100μM) 

plus MitoQ (50μM) (F). Shown are representative data from 3 independent experiments, each 

done in triplicate (for a total of 9 independent replicates/group); P values were calculated using 

two-sample unpaired Welch t-test. ns, not significant. 
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Figure S14 
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Legend: Additional analyses of NKX3.1 in human prostate cancer (related to Figures 6 and 

7). (A) Correlation between NKX3.1 and HSPA9 mRNA expression levels in TCGA prostate 

cancer cohort. Spearman correlation coefficient R and its corresponding P value is shown. (B) 

Analysis of TMA2, showing the percentage of patients with “high” or low/no” expression levels of 

total, nuclear, or non-nuclear NKX3.1, as indicated protein based on Gleason score (5 to 9) (total 

n of patients = 92). (C) Analysis of TMA1, showing the association of high” or low/no” expression 

levels of total, nuclear, or non-nuclear NKX3.1 protein relative to pre-operative PSA levels (total 

n of patients = 194). P values were calculated using two-sample unpaired Welch t-test. ns, not 

significant. (D) Multivariate analysis of total NKX3.1 protein expression based on TMA2. Hazard 

ratio, confidence intervals (upper and lower) and P values were estimated from a Cox proportional 

hazards model. (E) Kaplan-Meier survival analysis showing association of high or low nuclear or 

non-nuclear NKX3.1 protein expression levels and biochemical recurrence (BCR)-free estimated 

survival probability for TMA1 (left; n=112) or overall survival probability for TMA2 (right; n=90); P 

values were estimated using a log-rank test. Clinical characteristics of human cohorts are 

provided in Supplementary Table S8.  
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Figure S15 

 

Legend: Model depicting the relationship between oxidative stress, NKX3.1 localization in the 

nucleus and/or mitochondria and prostate cancer phenotype as discussed in the text.  

 

 


