
Detailed Materials and Methods 

Analysis of Nkx3.1 germline mutant mice in vivo 

All experiments using animals were performed according to protocols approved by the 

Institutional Animal Care and Use Committee (IACUC) at Columbia University Irving Medical 

Center. The germline homozygous mutant (Nkx3.1-/-) mice were generated in our laboratory (1) 

and have been maintained on a predominantly C57BL/6 background. All studies were performed 

using cohorts of Nkx3.1+/+ and Nkx3.1-/- mice that had been genotyped prior to enrollment; only 

male mice were used since our study is focused on prostate. Cohorts of mice were administered 

paraquat dichloride/methyl viologen dichloride hydrate (10 mg/kg/day, Sigma-Aldrich, St. Louis, 

MO, USA) or vehicle (water) ad libitum via the drinking water beginning at 3 months of age and 

continuing for 1 month or 9 months. At the time of sacrifice, individual lobes of the prostate 

(anterior, dorsolateral and ventral), seminal vesicle, and other control tissues were dissected and: 

(i) fixed in 10% formalin followed by paraffin-embedding (for histological and 

immunohistochemical analyses); (ii) embedded directly using Optimal Cutting Temperature 

(OCT) compound (for immunofluorescence analyses of ROS); (iii) collected for organelle 

fractionation, as below; or (iv) snap-frozen in liquid nitrogen for subsequent preparation of RNA 

or protein, as below.  

Histopathological analysis and immunohistochemical staining were done using 3 µm 

paraffin sections as described (2). Histopathological grading of anterior prostate was performed 

blinded by a pathologist (RV) on hematoxylin and eosin (H&E)-stained sections according to the 

classification of PIN described in Park et al. (3). Images were captured using an Olympus VS120 

whole-slide scanning microscope. Immunofluorescence images were captured using a Leica TCS 

SP5 confocal microscope. Details of all primary and secondary antibodies used in this study are 

provided in Table S9. 
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Measurement of ROS on mouse tissues was performed as described in (4). Briefly, 5 µm 

cryosections of prostate or seminal vesicle were treated for 30 minutes with: (i) 10 µM of the 

fluorescence indicator dihydroethidium (hydroethidine) (DHE) (Invitrogen, Carlsbad, CA, USA) for 

analysis of total cellular superoxide anions; or (ii) 10 µM of the fluorescence indicator 5-(and-6)-

chloromethyl- 2′,7′-dichlorodihydrofluorescein diacetate (CM-H2DCFDA) (Invitrogen, Carlsbad, 

CA, USA) for analysis of total cellular hydrogen peroxide. Images were captured by fluorescence 

microscopy (TCS SP5, Leica, Wetzlar, Germany) using excitation/emission spectra of: (i) 

A510/A595 to quantify DHE or (ii) A495/A519 for CM-H2DCFDA. Fluorescence intensity was 

quantified using Image J (http://rsbweb.nih.gov/ij/index.html, RRID:SCR_003070).  

Analysis of human prostate cells in culture 

Human RWPE1 immortalized prostate epithelial cells and LNCAP prostate cancer cells 

were obtained from the American Type Culture Collection (ATCC); BPH1 cells were obtained 

from EMD Millipore (Burlington, MA, USA). Cells were cultured in standard Keratinocyte-Serum 

Free Media (K-SFM) (for the RWPE1 cells) or Roswell Park Memorial Institute (RPMI) media (for 

the LNCaP and BPH1 cells) (Gibco Laboratories, Gaithersburg, MD, USA) under mycoplasma-

free conditions (30-1012K, ATCC). Only low passage cells (7 passages or less) were used.  

All procedures for lentiviral studies were approved by the Office of Environmental Health 

and Safety at Columbia University Irving Medical Center. For gain of function studies, cDNAs 

were expressed using the pTRIPZ lentiviral vector (Dharmacon, GE Healthcare Life Sciences, 

Lafayette, CO, USA) engineered to introduce IRES-RFP between unique EcoRI and MluI sites 

(2); this vector contains a tetracycline response element (TRE) such that gene expression can be 

regulated by doxycycline. cDNA sequences were cloned into unique AgeI and EcoRI sites and 

FLAG tag was introduced at the 5’ end by PCR amplification. All plasmids were confirmed by 

sequencing. shRNA-mediated knock-down studies were done as described (2), using pGIPZ 

lentiviruses that constitutively express shRNAmir (mircoRNA-adapted shRNA) and TurboGFP 
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(Dharmacon, GE Healthcare Life Sciences, Lafayette, CO, USA). Lentiviruses were generated 

using second generation packaging vectors (psPAX2 and pMD2.G, Addgene, Cambridge, MA, 

USA) and concentrated using the Lenti-X Concentrator reagent (Clonetech, Fremont, CA, USA) 

according to the manufacturer’s instructions. A complete list of oligos used for cloning and 

shRNAs is provided in Table S10. 

Procedures for transduction of lentiviruses, selection of transduced cells, and co-infection 

of pTRIPZ and pGIPZ lentiviruses were done as described (2). Briefly, for gain-of-function 

experiments, RWPE1 cells (~70% confluency) were infected with control or NKX3.1-expressing 

pTRIPZ-IRES-RFP lentiviruses for 2 consecutive days at multiplicity of infection (MOI) of 

approximately 5, followed by selection with puromycin (1 μg/ml) for up to 4 days. Exogenous gene 

expression was induced with doxycycline (1 μg/ml). For loss-of-function experiments, LNCaP or 

BPH1 cells (~70% confluency) were infected with pGIPZ-GFP lentiviruses expressing the relevant 

control or shRNA vectors for 2 consecutive days at a MOI of approximately 5, followed by 

selection with puromycin (2 μg/ml for) for up to 4 days. For rescue experiments in the LNCaP 

cells, pGIPZ-GFP-expressing cells (~60% confluency) were allowed to grow for an additional 

passage and were sequentially infected with pTRIPZ-IRES-RFP lentiviruses expressing the 

relevant control or NKX3.1 vectors for 2 consecutive days at MOI of approximately 5, followed by 

selection with puromycin (2 μg/ml) for 2 days. Exogenous gene expression was induced with 

doxycycline (1 μg/ml). Following lentiviral infection, cells were fluorescence-activated cell (FAC)-

sorted on a BD-FACS Aria cell sorter (BD Biosciences) to enrich for those expressing RFP alone 

(561nm excitation, 582 nm emission), GFP alone (488 nm excitation, 530 nm emission), or both 

for co-infected cells. 

Studies were done using: (i) RWPE1 cells expressing exogenous NKX3.1 (or mutated 

derivatives, or the control vector); (ii) RWPE1 cells expressing exogenous NKX3.1 (or mutated 

derivatives, or the control vector) together with shRNAs for HSPA9 (or the control shRNA); (iii) 
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BPH1 cells expressing NKX3.1 shRNAs (or the control shRNA); (iv) LNCAP cells expressing 

NKX3.1 shRNAs (or the control shRNA) together with shRNAs for HSPA9; (v) LNCAP cells 

expressing NKX3.1 shRNAs (or the control shRNA) together with exogenous NKX3.1 (or mutated 

derivatives). 

To induce oxidative stress, cells were treated with: (i) 100 μM paraquat dichloride/methyl 

viologen dichloride hydrate (PQ) for 0-24 hours (Sigma-Aldrich, St. Louis, MO, USA); (ii) 50 μM 

MitoParaquat (MitoPQ) for 12 hours (Cayman Chemical, Ann Arbor, MI, USA); (iii) 200 μM 

hydrogen peroxide for 6 hours (Sigma-Aldrich, St. Louis, MO, USA); or (iv) hypoxia (1% pO2) for 

24 hours (Bio-Bag Type A, Becton Dickinson, Franklin Lakes, NJ, USA). Where indicated, prior 

to treatment with oxidative stress agents, cells were first treated for 24 hours with: (i) the nuclear 

export inhibitor Leptomycin B (0.75 ng/ml) dissolved in 0.01% methanol (Sigma-Aldrich, St. Louis, 

MO, USA); (ii) the mitochondrial import inhibitor Valinomycin (10 μM) dissolved in DMSO (Sigma-

Aldrich, St. Louis, MO, USA); (iii) the mitochondrial-specific RNA Polymerase inhibitor, Balapiravir 

(15 μM) dissolved in DMSO (Sigma-Aldrich, St. Louis, MO, USA) or (iv) the protein translation 

elongation inhibitor, Cycloheximide (3.5 μM) dissolved in water (Sigma-Aldrich, St. Louis, MO, 

USA). 

Measurement of reactive oxygen species (ROS) levels was done using the following 

fluorescent indicators: (i) 10 µM of dihydroethidium (hydroethidine) (DHE) (Invitrogen, Carlsbad, 

CA, USA) for analysis of total cellular superoxide anions; (ii) 10 µM of 5-(and-6)-chloromethyl- 

2′,7′-dichlorodihydrofluorescein diacetate (CM-H2DCFDA) (Invitrogen, Carlsbad, CA, USA) for 

analysis of total cellular hydrogen peroxide; (iii) 5 µM of MitoPY1 (Tocris Bioscience, Minneapolis, 

MN, USA) for analysis of mitochondria-specific hydrogen peroxide anions; or (iv) 10 µM of 

MitoSOX (Invitrogen, Carlsbad, CA, USA) for analysis of mitochondria-specific superoxide 

anions. FACS analysis was done using excitation/emission spectra of: (i) A566/A616 for DHE; (ii) 

A595/A519 for CM-H2DCFDA; or (iii) A595/519 for MitoPY1; or (iv) A596/A576 for MitoSOX. 
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FACS data were analyzed using De Novo FCS Express 7 Software (ACEA Biosciences, San 

Diego, CA, USA, RRID:SCR_016431).  

Proliferation, colony formation and invasion assays were performed as described (5). 

Briefly, for 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) proliferation 

assays, 2.5 x 105 LNCaP cells were seeded in sextuplicate in three independent experiments in 

96-well plates, treated with 100 μM paraquat dichloride/methyl viologen dichloride hydrate (PQ) 

(Sigma-Aldrich, St. Louis, MO, USA) or vehicle for 24 hours and grown for up to 120 hours. MTT-

based proliferation was measured using absorbance spectra of A550 and quantified using the 

Varioskan LUX multimode microplate reader (ThermoFisher Scientific, Waltham, MA, USA). For 

colony formation assays, 1 x 103 LNCaP cells were seeded in 6-well plates in triplicate in three 

independent experiments, treated with 100 μM paraquat dichloride/methyl viologen dichloride 

hydrate (PQ) (Sigma-Aldrich, St. Louis, MO, USA) or vehicle for 24 hours and grown for 15 days. 

Colonies were visualized by crystal violet (Sigma-Aldrich, St. Louis, MO, USA) staining and 

quantified using Image J (http://rsbweb.nih.gov/ij/index.html, RRID:SCR_003070). For Matrigel 

invasion assays, 3 x 104 pGIPZ-GFP-expressing LNCaP cells were seeded in 96-well BD 

FluoroBlok inserts (BD Biosciences, Billerica, MA) in FBS-free media supplemented with 100 μM 

paraquat dichloride/methyl viologen dichloride hydrate (PQ) (Sigma-Aldrich, St. Louis, MO, USA) 

or vehicle for 24 hours, in sextuplicate in two independent experiments. Media supplemented with 

10% FBS (BenchMark, Gemini Bio-Products, Sacramento, CA) was used in the lower chamber 

as a chemoattractant. Fluorescence intensity of invading cells was measured using 

excitation/emission spectra of A488/A530 and quantified using the Varioskan LUX multimode 

microplate reader (ThermoFisher Scientific, Waltham, MA, USA). 

Gene expression profiling analysis  

RNA sequencing of mouse tissues was done on anterior prostate of Nkx3.1 wild-type 

(Nkx3.1+/+) or homozygous mutant (Nkx3.1-/-) mice (4-months of age) that had been treated with 
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paraquat or vehicle for 1 month (as above). RNA sequencing of human prostate cells was done 

using human RWPE1 cells expressing the NKX3.1 or the control vector that had been treated 

with paraquat or vehicle for 24 hours (as above). RNA was prepared using MagMAX-96 Total 

RNA Isolation Kit (Life Technologies, Grand Island, NY). RNA sequencing was done as described 

(2). Briefly, a TruSeq RNA Sample Prep Kit v2 (Illumina) was used for library preparation followed 

by sequencing (30 million reads, single end) on an Illumina HiSeq 2500. RNAseq reads were 

mapped to mouse Ensembl/GRCm38.p2 or human genome Ensembl/GRCh37, which includes 

mitochondrial genes. RNAseq data raw counts were normalized and the variance was stabilized 

using DESeq package (Bioconductor, RRID:SCR_006442; RRID:SCR_000154) in R-system 

v3.1.1 (The R Foundation for Statistical Computing, ISBN 3-900051-07-0). For cross-species 

comparison with human gene signatures, mouse genes were mapped to human orthologs based 

on the homoloGene database (NCBI, RRID:SCR_002924).  

Differential expression signatures were defined as the list of genes ranked by t-values 

from a two-tailed two-sample Welch t-test. A complete list of differentially expressed genes is 

provided in Datasets 1 and 2. Pathway enrichment was done using gene set enrichment analysis 

(GSEA) (6) to query pathways collected from the C2 database (7), which includes REACTOME 

(RRID:SCR_003485), KEGG (RRID:SCR_012773), BIOCARTA pathway datasets, where 

Normalized Enrichment Score (NES) and p-value were estimated using 1,000 permutations. 

Pathway signatures were defined as a list of pathways ranked by their NESs (derived from 

individual pathway GSEAs), for mouse and human comparisons separately. A complete list of 

differentially expressed pathways is provided in Datasets 3 and 4. Heatmap depiction of the 

differential expression of ETC genes was done using https://www.wikipathways.org/ 

(RRID:SCR_002134) as in (8).  
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Validation of mRNA expression levels was done by quantitative real time PCR using the 

QuantiTect SYBR Green PCR kit (Qiagen, Germantown, MD, USA) using mouse or 

human GADPH as the control (2). Sequences of all primers are provided in Table S10. 

Electron microscopy 

Electron microscopy (EM) was performed as described in (9) at the Neuroanatomy EM 

Core at Weill Cornell Medicine, New York, NY, USA. Briefly, mice (n=4/group) were perfused with 

2% heparin in normal saline followed by 3.75% acrolein (Polysciences, Warrington, PA, USA) in 

2% paraformaldehyde (Electron Microscopy Sciences, Fort Washington, PA, USA) in 0.1 M 

phosphate buffer (PB). Prostate and seminal vesicle were post-fixed in 2% acrolein and 2% 

paraformaldehyde in PB for 30 minutes, and tissues were fixed in 2% osmium tetroxide in PB for 

one hour, dehydrated with increasing concentrations of ethanol to propylene oxide, and 

embedded in EMBed 812 resin (Electron Microscopy Sciences, Fort Washington, PA, USA) using 

silicon molds. Tissues were sectioned (70 nm) using an ultramicrotome (Leica Microsystems, 

Deerfield, IL, USA) fitted with a diamond knife (2.7 mm edge) and collected on 400 mesh copper 

thin bar grids (Electron Microscopy Sciences, Fort Washington, PA, USA). Sections were 

counterstained with 5% uranyl acetate and lead citrate (Electron Microscopy Sciences, Fort 

Washington, PA, USA) followed by visualization using a Tecnai Biotwin transmission electron 

microscope. For each mouse analyzed, up to 70 images from 10 independent sections were 

captured from prostate and seminal vesicle. Mitochondrial number was quantified by manually 

identifying and counting individual organelle structures; mitochondrial area was calculated using 

Image J (http://rsbweb.nih.gov/ij/index.html, RRID:SCR_003070). 

For immuno-electron microscopy cells were harvested fixed in 4% paraformaldehyde plus 

1% glutaraldehyde (Electron Microscopy Sciences, Fort Washington, PA, USA) for 15 minutes at 

room temperature, followed by quenching with 1% glycine (Sigma-Aldrich, St. Louis, MO, USA). 

Cell pellets were embedded in Lowicryl HM20 resin (Electron Microscopy Sciences, Fort 
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Washington, PA, USA) and sectioned using an ultramicrotome (Leica Microsystems, Deerfield, 

IL, USA). Sections were rehydrated with PB, quenched with 50 mM glycine (Sigma-Aldrich, St. 

Louis, MO, USA), and blocked with Aurion BSA-c blocking solution (Electron Microscopy 

Sciences, Fort Washington, PA, USA). The sections were incubated overnight at 4˚C in primary 

antibody (NKX3.1, AthenaES, catalog #0314, Table S9), followed by incubation with gold-

conjugated secondary antibody for 1 hour at room temperature (Aurion, Wageningen, 

Netherlands). The samples were fixed in 2.5% glutaraldehyde (Electron Microscopy Sciences, 

Fort Washington, PA, USA), and counterstained with uranyl acetate (Electron Microscopy 

Sciences, Fort Washington, PA, USA). Samples were visualized using a Tecnai Biotwin 

transmission electron microscope. For each sample (n=3/group), 10 images from 3 independent 

sections were obtained.  

Sub-cellular localization studies 

Immunofluorescence visualization of sub-cellular localization was done as described (10). 

Briefly, tissues or cells were fixed on glass slides were co-stained with an antibody specific for 

NKX3.1 and anti-ATPB antibody to visualize mitochondria (Table S9); nuclei were visualized by 

DAPI staining. Immunofluorescence images were captured using a Leica TCS SP5 confocal 

microscope.  

Whole cell and whole tissue extracts were prepared by homogenization using a polytron 

(Kinematica Inc, Bohemia, NY, USA) in 1X radioimmunoprecipitation assay (RIPA) buffer [0.1% 

SDS, 1.0% deoxycolate- sodium salt, 1.0% Triton X-100, 0.15 M NaCl, 10 μmol/L Tris-HCl (pH 

7.5), 1 mmol/L EDTA) with fresh 1% protease inhibitor (#1697498; Roche, Basel, Switzerland) 

and 1% phosphatase inhibitor (#P2850; Sigma-Aldrich, St. Louis, MO, USA)].  

Sub-cellular fractionation was done as described (11). For analyses of mouse prostate 

tissues, the samples were first cleared of excess blood by rinsing in 5 volumes of cold PBS 

(phosphate-buffered saline) followed by 10 volumes of cold 250-STMDPS buffer [250 mM 
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sucrose, 50 mM Tris-HCl (pH 7.4), 5 mM MgCl2, 1 mM DTT, 25 µg/ml spermine, 25 µg/ml 

spermidine, 1 mM PMSF]. Samples (tissues or cells) were homogenized in a pre-chilled dounce 

homogenizer with 5 volumes of cold 250-STMDPS buffer. The homogenate was centrifuged at 

800 g for 15 minutes (Eppendorf centrifuge 5417R). The supernatant was collected for the 

mitochondrial fraction and the cell pellet for the nuclear fraction. 

For isolation of the nuclear fraction, the pellet from the initial homogenization (as above) 

was re-homogenized with 10 volumes of 250-STMDPS buffer and centrifuged at 800g for 15min 

(Eppendorf centrifuge 5417R). The supernatant was discarded and the pellet was homogenized 

with 4 volumes of 2 M STMDPS buffer [2 M sucrose, 50 mM Tris-HCl (pH 7.4), 5 mM MgCl2, 1 

mM DTT, 25 µg/ml spermine, 25 µg/ml spermidine, 1 mM PMSF], layered on 4 ml of 2M STMDPS 

buffer, and centrifuged at 80,000g for 35min (Sorvall WX+ Ultracentrifuge). The resulting pellet 

was resuspended in 5 volumes of NE buffer [20 mM HEPES (pH 7.9), 1.5 mM MgCl2, 0.5 M NaCl, 

0.2 mM EDTA, 20% glycerol] incubated for 30 min, and then the supernatant containing the 

soluble nuclear proteins was collected centrifuged at 9,000g for 30min (Eppendorf centrifuge 

5417R). 

For isolation of mitochondria, the supernatant from the initial homogenization (as above) 

was resuspended in 10 volumes of 250-STMDPS buffer and centrifuged at 6,000 g for 15 min 

(Eppendorf centrifuge 5417R). The resulting supernatant containing the cytosolic and microsomal 

fraction (a collection of endoplasmic reticulum (ER), Golgi, intracellular vesicles and plasma 

membrane) was discarded. The pellet containing the mitochondrial fraction was resuspended in 

10 volumes of HDP buffer [10 mM HEPES (pH 7.9), 1mM DTT, 1mM PMSF] and incubated on 

ice for 30 min. The suspension was either sonicated (setting 5, four 10 second bursts) or treated 

with Proteinase K (50 µg/ml, #3115844001, Roche, Basel, Switzerland), or was sonicated and 

then treated with Proteinase K, followed by centrifugation at 9,000g for 30min (Eppendorf 

centrifuge 5417R). The supernatant containing soluble mitochondrial proteins was collected, the 
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pellet was resuspended in 0.5 ml ME buffer [20 mM HEPES (pH 7.8), 0.4 M NaCl, 15% glycerol, 

1mM DTT, 1mM PMSF, 1.5% Triton X-100], incubated for 30 min with gentle rocking, and then 

centrifuged at 9,000g for 30min (Eppendorf centrifuge 5417R). The supernatant containing the 

mitochondrial membrane proteins was collected.  

Western blot analyses were done using total protein extracts or organelle-specific 

fractions, as indicated. Protein lysates (20 μg per lane for total and nuclear fractions, 60 μg for 

mitochondrial fractions) were resolved by SDS page, followed by immunoblotting with the 

appropriate primary and secondary antibodies, and visualized using an ECL Plus Western Blotting 

Detection Kit (GE Healthcare/Amersham Biosciences, Little Chalfont, United Kingdom). Details 

of primary and secondary antibodies used in this study are provided in Table S9.  

Analysis of mitochondrial membrane potential and mitochondrial mass 

Measurement of mitochondrial membrane potential in mouse tissues was performed as 

described previously (12). Briefly, prostate was chopped into fine pieces, mixed and homogenized 

with mitochondria isolation buffer (MIB) [200 mM sucrose, 10 mM Tris/MOPS, pH 7.4, and 1 mM 

EGTA/Tris] in a pre-chilled dounce. The homogenate was centrifuged at 10,000 g, 4°C for 10min 

(Eppendorf centrifuge 5417R) and the supernatant, containing intact mitochondria, was collected. 

Mitochondrial fractions were diluted to 0.5 mg/ml with experimental buffer (EB) [125 mM KCl, 10 

mM Tris/MOPS, pH 7.4, 5 mM glutamate, 2.5 mM malate, 1 mM K phosphate, pH 7.4, 10 mM 

EGTA/Tris], transferred 96 well plates, and incubated with 2 µM of the fluorescent mitochondrial 

membrane potential indicator tetramethyl rhodamine, ethyl ester (TMRE) (ab113852, Abcam, 

Cambridge, MA, USA) for 5 minutes. For in vitro studies, cells were seeded in 96-well plates and 

incubated with 200 nM of TMRE for 15min and washed with PBS/0.2% BSA. For both the tissues 

and cells, fluorescence intensity was measured on 96 well plates using excitation/emission 

spectra of A549/A575 and quantified using the Varioskan LUX multimode microplate reader 

(ThermoFisher Scientific, Waltham, MA, USA). 
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Measurement of mitochondrial mass was performed in cell culture using the mitochondrial-

specific dyes, MitoTracker Red CMXRos (M7512, Invitrogen, Carlsbad, CA, USA) or MitoView 

Green (70054, Biotium, Fremont, CA, USA) as per manufacturer’s instructions. For MitoView 

Green staining, cells were fixed in 4% Paraformaldehyde/PBS (sc-281692, Santa Cruz, Dallas, 

TX, USA) for 15min, washed with PBS and incubated with 100 nM MitoView Green (70054, 

Biotium, Fremont, CA, USA) solution for 15min at room temperature. For MitoTracker Red 

CMXROS staining, cells were first incubated with 200 nM MitoTracker Red CMXRos (M7512, 

Invitrogen, Carlsbad, CA, USA) solution for 15 minutes at 37°C, washed with PBS and fixed in 

4% Paraformaldehyde/PBS (sc-281692, Santa Cruz, Dallas, TX, USA) for 15min. Fluorescence 

images were captured using a Leica TCS SP5 confocal microscope; fluorescence intensity was 

quantified using Image J (http://rsbweb.nih.gov/ij/index.html, RRID:SCR_003070). 

Mass Spectrometry 

Mass spectrometry of NKX3.1-interacting proteins was done as described (2). For 

analyses of mitochondria-specific NKX3.1-interacting proteins, mitochondria were isolated as 

described above from paraquat-treated RWPE1 cells expressing Flag-HA-tagged NKX3.1. The 

mitochondrial fraction was subjected to two consecutive rounds of immunoprecipitation, first with 

Anti-Flag (M2) agarose (Sigma-Aldrich, A-2220) and eluted with a Flag peptide (Sigma-Aldrich, 

F3290, St. Louis, MO, USA), and then with Anti-HA (HA-7) agarose (Sigma-Aldrich, A2095, St. 

Louis, MO, USA) and eluted with HA peptide (Sigma-Aldrich, I2149, St. Louis, MO, USA). Mass 

spectrometric analysis was done at the Proteomics Shared Resource at the Herbert Irving 

Comprehensive Cancer Center, Columbia University Irving Medical Center. Data was analyzed 

using Scaffold (Version 4, Proteome Software). The total unique spectral counts from 

mitochondria of paraquat-treated control or NKX3.1-expressing RWPE1 cells is provided in 

Dataset 5. Details of antibodies used in this study are provided in Table S9. 
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DNA binding studies 

Gel retardation assays were done as described (2), using protein extracts (5 µg) from 

nuclear or mitochondrial cell fractions (as above). The DNA probe (21 bp) containing the motif 

(TAAGTA) was described (13). For analysis of NKX3.1 binding to the mitochondrial genome, we 

performed chromatin immunoprecipitation using the mitochondrial fraction isolated from cells or 

tissue (as above) followed by real time PCR (ChIP-qPCR analysis) essentially as described for 

binding to the nuclear genome (10). Briefly, human cells or mouse or human prostate tissues 

were cross-linked with 1% formaldehyde (Sigma-Aldrich, St. Louis, MO, USA) at room 

temperature, followed by quenching with 0.1 M glycine (Sigma-Aldrich, St. Louis, MO, USA) 

followed by isolation of the mitochondrial fractionation (as above). Mitochondrial DNA was 

fragmented by sonication for 20 minutes (1 minute cycles at level 4 intensity) using the Bioruptor 

Standard (Diagenode, Denville, NJ). The sonicated extracts were incubated overnight at 4°C with 

antibodies that recognize human or mouse NKX3.1 (AthenaES, catalog #0314 or #0315, Table 

S9). The immune-precipitated DNA was purified by incubation with Proteinase K (18 mg/ml, 

#3115844001, Roche, Basel, Switzerland) followed by phenol/chloroform extraction and ethanol 

precipitation. ChIP data are expressed as fold enrichment of NKX3.1 binding and normalized to 

input; IgG controls were used for all pull down experiments. Antibodies and primer sequences are 

described in Tables S9 and S10, respectively.  

Cellular metabolism assays 

For measurement of mitochondrial ETC complex activity, the Mitochondria Isolation Kit 

(with Dounce Homogenizer) (ab110169, Abcam, Cambridge, MA, USA) was used to isolate 

mitochondria from human NKX3.1-expressing or control RWPE1 cells that had been treated with 

paraquat or vehicle (as above) with or without MitoQ. Mitochondrial complex I-V enzymatic activity 

was measured by using assays kits for complex I (ab109903, Abcam, Cambridge, MA, USA), 

complex II (700940, Cayman Chemical, Ann Arbor, MI, USA), complex II+III (ab109905, Abcam, 
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Cambridge, MA, USA), complex IV (ab109906, Abcam, Cambridge, MA, USA), and complex V 

(ab109907, Abcam, Cambridge, MA, USA), following the manufacturer’s procedures. 

Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were 

quantified using a Seahorse XF96 (Agilent Technologies, Santa Cruz, CA, USA).  Cells (2 x 104 

cells/well plated on 96-wells) were treated with 100 μM paraquat dichloride or vehicle for 24 hours. 

The culture medium was replaced with XF Assay medium (Seahorse Bioscience) and incubated 

at 37°C in a CO2 free incubator for 1 hour. For OCR measurements, seahorse injection ports were 

loaded with oligomycin (1 µM), carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP) 

(1.25 µM), and rotenone (1 µM) (Sigma-Aldrich, St. Louis, MO, USA). For ECAR measurements, 

the ports were loaded with glucose (10 mM), oligomycin (1 µM), and 2-deoxy-glucose (2-DG) (50 

mM) (Sigma-Aldrich, St. Louis, MO, USA). OCR is expressed in picoMol per minute (pMol/min), 

and ECAR in milli-pH per minute (mpH/min). Metabolic measurements were normalized to viable 

cell number using trypan blue.  

Quantitative analysis of ATP, NADH/NAD+ ratio, and lactate levels were performed 

according to manufacturer’s recommendations for cell-based and tissue-based assays (ATP 

assay kit, Sigma-Aldrich, St. Louis, MO, USA, catalog # MAK190; NADH/NAD quantitation kit, 

Sigma Aldrich, St. Louis, MO, USA, catalog # MAK037; L-Lactate Assay kit, Abcam, Cambridge, 

MA, USA, #ab65331). 

Analysis of human prostate cancer cohorts 

All studies using anonymized human prostate specimens were performed according to the 

Declaration of Helsinki protocol and protocols approved by the Human Research Protection Office 

and Institutional Review Board (IRB) at Columbia University Irving Medical Center. All studies 

were done with written informed consent from the patients. For organotypic assays of human 

prostate cancer, fresh tissues were obtained immediately following surgical removal; only tissues 

from consented patients that were not needed for clinical diagnosis were used. Tissues were 
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sectioned (300 μm) using a vibratome (Leica Microsystems, Deerfield, IL, USA) and transferred 

to cell culture inserts (1-5/8 μm pore-size insert, Falcon, Fisher Scientific, Hampton, NH) in 

medium containing: 50% Keratinocyte-Serum Free Media (Gibco Laboratories, Gaithersburg, 

MD, USA), 50% Medium 199 (Sigma-Aldrich, St. Louis, MO, USA), 10-7 M dihydrotestosterone 

(DHT) (Sigma-Aldrich, St. Louis, MO, USA), 10 μM Rock Inhibitor Y-27632 (Stemcell 

Technologies, Vancouver, Canada), and 1X antibiotic/antimycotic (Gibco Laboratories, 

Gaithersburg, MD, USA). Samples were treated with 100 μM paraquat dichloride (or Vehicle) for 

24 hours (Sigma-Aldrich, St. Louis, MO, USA). To determine the levels of NKX3.1 expression in 

the organotypic cultures, quantitative real time PCR was performed and samples ranked 

according to those with “high” or “low” NKX3.1 expression as reported previously (14). To 

determine status of the single nuclear polymorphisms (SNP) of NKX3.1 in the organotypic 

cultures, genomic DNA was isolated from formalin-fixed tissues and Sanger sequencing was 

performed on exons 1 and 2 of the NKX3.1, which is where these SNPs are located. Primer 

sequences are described in Table S10. 

For analyses of NKX3.1 mRNA expression in human prostate cancer, we utilized the 

Taylor et al (15) and the TCGA (16) cohorts; available clinical data is provided in Table S8. For 

pathway analyses, we identified patients from Taylor et al cohort (15) with the top 25% with 

highest NKX3.1 expression (n=32) and the top 25% with the lowest NKX3.1 expression (n=32); 

these patient groups were compared using two-sample two-tailed Welch t-test to define a 

differential expression signature, which was subsequently used for pathway enrichment analysis.  

For analyses of clinical outcome based on expression of NKX3.1 and mitochondrial genes, 

we used the TCGA prostate adenocarcinoma cohort (16), which 497 includes primary prostate 

cancer samples. We ranked patient samples based on their expression levels of NKX3.1 to 

identify the top 25% with highest expression (n=107) and the top 25% with lowest expression 

(n=107). Following this, inside each NKX3.1-based group, we evaluated patient sample for their 
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expression levels of 13 mitochondrial genes based on (17) using k-means clustering, which 

divided each NKX3.1-based group into two subgroups: one with higher overall average 

expression levels of 13 mitochondrial genes and one with lower overall average expression levels 

of 13 mitochondrial genes. These groups were then further adjusted for available BCR survival 

so that 4 groups of patients, namely: (i) low NKX3.1 expression, low mitochondrial expression (n= 

62); (ii) low NKX3.1 expression, high mitochondrial expression (n=18); (iii) high NKX3.1 

expression, low mitochondrial expression (n=68); and (iv) high NKX3.1 expression, high 

mitochondrial expression (n=20), were subjected to Kaplan-Meier survival analysis.  

To directly assess NKX3.1 localization to the mitochondria in human tissues, primary 

prostate tumor samples from 16 patients seen in the Department of Urology at Columbia 

University Irving Medical Center from 1990 to 2009 (18), were co-stained with an antibody specific 

for human NKX3.1 and anti-ATPB antibody to visualize mitochondria. Immunofluorescence 

images were captured using a Leica TCS SP5 confocal microscope. Immunostaining was done 

on adjacent sections of primary prostate samples for detection of NKX3.1, HSAP9, and 4-

Hydroxynonenal (4HNE), following the immunostaining protocol as described above. Details of 

all primary and secondary antibodies used in this study are provided in Table S9. 

The prostate cancer tissue microarrays (TMA-1 and TMA-2) were composed of prostate 

tumor biopsy samples obtained from patients seen in the Department of Urology at Columbia 

University Irving Medical Center. TMA-1 was comprised of low Gleason (scores 6 or 7) primary 

prostate tumors from 194 patients collected from 2006 to 2008, with up to 12 years of clinical 

follow-up data. TMA 2 was comprised of all Gleason (scores 5 to 9) primary prostate tumors from 

118 patients collected from 1992 to 2012, with up to 27 years of clinical follow-up data, as 

described previously (19). Available clinical data is provided in Table S8.  

Immunohistochemistry was performed by automated staining using Bond RX (Leica 

Biosystems) immunostainer. Slides were dewaxed in Bond dewax solution (Leica Biosystems) 
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and heat-induced epitope retrieval was performed at pH6 in Citrate based buffer (Leica 

Biosystems) for 30 min at 60°. Anti-human NKX3.1 IgG antibody (AthenaES, catalog #0314, Table 

S9) was incubated for 30 minutes at 1:200 dilution. Then samples were incubated with HRP 

(Horseradish Peroxidase)-polymer for 15 minutes and subsequent visualized using 3,3-

Diaminobenzidine (DAB) as brown chromogen (Leica Biosystems) for 10 minutes. Samples were 

counterstained with Hematoxylin, dehydrated and mounted with PERTEX ® (Histolab) (20).  

Slides were scanned and photographed using a Panoramic 250 scanner and Case Viewer 

(3DHistech, Budapest, Hungary). Cases were reviewed in Rubin-Lab (DBMR, University of Bern) 

by two pathologists (MAR/AR).  

Prostate primary tumors were histologically graded to determine the Gleason scores 

(Gleason score/ISUP grade groups) according to the WHO Classification of Tumors of the Urinary 

System and Male Genital Organs (21). Nuclear and non-nuclear NKX3.1 expression were 

assessed separately within viable invasive prostate cancer and scored as high, low, or negative 

expression for each cell compartment. Nuclear and non-nuclear expression was defined as low 

for tumor cells presenting weak and inhomogeneous staining pattern, and as high for those with 

strong and homogeneous staining, respectively. If different expression levels were present within 

the same tumor, the predominant one was used for scoring. For clinical outcome analyses, 

patients were grouped according to the intensity (high or low) of NKX3.1 sub-cellular expression: 

Nuclear, non-nuclear or total (sum of nuclear and non-nuclear expression). Negative cases that 

demonstrated none or very weak, unspecific expression were defined as “low”. Statistical 

significance in Kaplan Meier survival analyses showing association of low or high total, nuclear 

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

overall survival probability in the TMA cohorts were estimated using a Log-rank test. 

Statistical Analyses 
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For in vivo studies, the number of mice needed to achieve statistical significance was 

determined using standard power analysis. All cell culture analyses were done using a minimum 

of three biological replicates, each done in triplicate. Statistical analyses were performed using 

two-sample unpaired Welch t-test, Chi-squared (x2) test, Fisherʼs exact test and Spearman 

correlation test as indicated in each figure legend. For the box plots, boxes indicate the 25th–75th 

percentiles, center-lines show the median, and whiskers show the minimum–maximum values. 

Statistical analysis was performed using GraphPad Prism software (Version 8.4.3, 

RRID:SCR_002798) and R-studio (0.99.902, R v4.0.2). Cox proportional hazards and survival 

analysis were performed using survival and survminer packages in R-studio. Data visualization 

was done using GraphPad Prism software. The statistical tests used are reported in the figure 

legends. The value of n reported within figure legends represents number of samples. Data are 

expressed as mean ± SD, which are indicated in the figure legends. Significance for statistical 

tests was assumed at p<0.05. The p values are reported in the figures. 

Data Availability 

The RNA sequencing expression profiling data have been deposited in the Gene 

Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/, RRID:SCR_005012) 

with the accession code GSE115338. RNAseq data raw counts were normalized and the variance 

was stabilized using DESeq package (Bioconductor) in R-system v3.1.1 (The R Foundation for 

Statistical Computing, ISBN 3-900051-07-0). 

 

  



Papachristodoulou et al 

 18 

References 
1. Bhatia-Gaur R, Donjacour AA, Sciavolino PJ, Kim M, Desai N, Young P, et al. Roles for 

Nkx3.1 in prostate development and cancer. Genes Dev 1999;13(8):966-77. 
2. Dutta A, Le Magnen C, Mitrofanova A, Ouyang X, Califano A, Abate-Shen C. Identification 

of an NKX3.1-G9a-UTY transcriptional regulatory network that controls prostate 
differentiation. Science 2016;352(6293):1576-80 doi 10.1126/science.aad9512. 

3. Park JH, Walls JE, Galvez JJ, Kim M, Abate-Shen C, Shen MM, et al. Prostatic 
intraepithelial neoplasia in genetically engineered mice. Am J Pathol 2002;161(2):727-35 
doi 10.1016/S0002-9440(10)64228-9. 

4. Ro SH, Nam M, Jang I, Park HW, Park H, Semple IA, et al. Sestrin2 inhibits uncoupling 
protein 1 expression through suppressing reactive oxygen species. Proceedings of the 
National Academy of Sciences of the United States of America 2014;111(21):7849-54 doi 
10.1073/pnas.1401787111. 

5. Aytes A, Mitrofanova A, Kinkade CW, Lefebvre C, Lei M, Phelan V, et al. ETV4 promotes 
metastasis in response to activation of PI3-kinase and Ras signaling in a mouse model of 
advanced prostate cancer. Proceedings of the National Academy of Sciences of the 
United States of America 2013;110(37):E3506-15 doi 10.1073/pnas.1303558110. 

6. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA, et al. Gene 
set enrichment analysis: a knowledge-based approach for interpreting genome-wide 
expression profiles. Proceedings of the National Academy of Sciences of the United 
States of America 2005;102(43):15545-50 doi 10.1073/pnas.0506580102. 

7. Liberzon A, Subramanian A, Pinchback R, Thorvaldsdottir H, Tamayo P, Mesirov JP. 
Molecular signatures database (MSigDB) 3.0. Bioinformatics 2011;27(12):1739-40 doi 
10.1093/bioinformatics/btr260. 

8. Slenter DN, Kutmon M, Hanspers K, Riutta A, Windsor J, Nunes N, et al. WikiPathways: 
a multifaceted pathway database bridging metabolomics to other omics research. Nucleic 
Acids Res 2018;46(D1):D661-D7 doi 10.1093/nar/gkx1064. 

9. Milner TA, Waters EM, Robinson DC, Pierce JP. Degenerating processes identified by 
electron microscopic immunocytochemical methods. Methods Mol Biol 2011;793:23-59 
doi 10.1007/978-1-61779-328-8_3. 

10. Wang J, Kumar RM, Biggs VJ, Lee H, Chen Y, Kagey MH, et al. The Msx1 Homeoprotein 
Recruits Polycomb to the Nuclear Periphery during Development. Dev Cell 
2011;21(3):575-88 doi 10.1016/j.devcel.2011.07.003. 

11. Cox B, Emili A. Tissue subcellular fractionation and protein extraction for use in mass-
spectrometry-based proteomics. Nat Protoc 2006;1(4):1872-8 doi 
10.1038/nprot.2006.273. 

12. Lampl T, Crum JA, Davis TA, Milligan C, Del Gaizo Moore V. Isolation and functional 
analysis of mitochondria from cultured cells and mouse tissue. J Vis Exp 2015(97) doi 
10.3791/52076. 

13. Sciavolino PJ, Abrams EW, Yang L, Austenberg LP, Shen MM, Abate-Shen C. Tissue-
specific expression of murine Nkx3.1 in the male urogenital system. Dev Dyn 
1997;209(1):127-38 doi 10.1002/(SICI)1097-0177(199705)209:1<127::AID-
AJA12>3.0.CO;2-Z. 

14. Dutta A, Panja S, Virk RK, Kim JY, Zott R, Cremers S, et al. Co-clinical Analysis of a 
Genetically Engineered Mouse Model and Human Prostate Cancer Reveals Significance 
of NKX3.1 Expression for Response to 5alpha-reductase Inhibition. Eur Urol 
2017;72(4):499-506 doi 10.1016/j.eururo.2017.03.031. 



Papachristodoulou et al 

 19 

15. Taylor BS, Schultz N, Hieronymus H, Gopalan A, Xiao Y, Carver BS, et al. Integrative 
genomic profiling of human prostate cancer. Cancer Cell 2010;18(1):11-22 doi 
10.1016/j.ccr.2010.05.026. 

16. Cancer Genome Atlas Research N. The Molecular Taxonomy of Primary Prostate Cancer. 
Cell 2015;163(4):1011-25 doi 10.1016/j.cell.2015.10.025. 

17. Reznik E, Wang Q, La K, Schultz N, Sander C. Mitochondrial respiratory gene expression 
is suppressed in many cancers. Elife 2017;6 doi 10.7554/eLife.21592. 

18. Patel T, Hruby G, Badani K, Abate-Shen C, McKiernan JM. Clinical outcomes after radical 
prostatectomy in diabetic patients treated with metformin. Urology 2010;76(5):1240-4 doi 
10.1016/j.urology.2010.03.059. 

19. Irshad S, Bansal M, Castillo-Martin M, Zheng T, Aytes A, Wenske S, et al. A molecular 
signature predictive of indolent prostate cancer. Sci Transl Med 2013;5(202):202ra122 doi 
10.1126/scitranslmed.3006408. 

20. Humbert M, Moran M, de la Cruz-Ojeda P, Muntane J, Wiedmer T, Apostolova N, et al. 
Assessing Autophagy in Archived Tissue or How to Capture Autophagic Flux from a 
Tissue Snapshot. Biology (Basel) 2020;9(3) doi 10.3390/biology9030059. 

21. Moch H, Cubilla AL, Humphrey PA, Reuter VE, Ulbright TM. The 2016 WHO Classification 
of Tumours of the Urinary System and Male Genital Organs-Part A: Renal, Penile, and 
Testicular Tumours. Eur Urol 2016;70(1):93-105 doi 10.1016/j.eururo.2016.02.029. 

 


