
Redox Biology 62 (2023) 102686

Available online 21 March 2023
2213-2317/© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Targeting PKLR/MYCN/ROMO1 signaling suppresses neuroendocrine 
differentiation of castration-resistant prostate cancer 

Wei-Yu Chen a,b,1, Phan Vu Thuy Dung c,1, Hsiu-Lien Yeh c, Wei-Hao Chen c, Kuo-Ching Jiang c, 
Han-Ru Li c, Zi-Qing Chen d, Michael Hsiao e, Jiaoti Huang f, Yu-Ching Wen g,h,i,**, 
Yen-Nien Liu c,j,* 

a Department of Pathology, Wan Fang Hospital, Taipei Medical University, Taipei, Taiwan 
b Department of Pathology, School of Medicine, College of Medicine, Taipei Medical University, Taipei, Taiwan 
c Graduate Institute of Cancer Biology and Drug Discovery, College of Medical Science and Technology, Taipei Medical University, Taipei, Taiwan 
d Division of Clinical Pharmacy, School of Pharmacy, Taipei Medical University, Taipei, Taiwan 
e Genomics Research Center, Academia Sinica, Taipei, Taiwan 
f Department of Pathology, Duke University Medical Center, Durham, NC, USA 
g Department of Urology, Wan Fang Hospital, Taipei Medical University, Taipei, Taiwan 
h Department of Urology, School of Medicine, College of Medicine, Taipei Medical University, Taipei, Taiwan 
i TMU Research Center of Urology and Kidney, Taipei Medical University, Taipei, Taiwan 
j TMU Research Center of Cancer Translational Medicine, Taipei Medical University, Taipei, Taiwan   

A R T I C L E  I N F O   

Keywords: 
Androgen deprivation therapy (ADT) 
Neuroendocrine prostate cancer (NEPC) 
Pyruvate kinase L/R (PKLR) 
Reactive oxygen species modulator 1 (ROMO1) 
MYCN proto-oncogene (MYCN) 

A B S T R A C T   

Conventional treatment of prostate cancer (PCa) uses androgen-deprivation therapy (ADT) to inhibit androgen 
receptor (AR) signaling-driven tumor progression. ADT-induced PCa recurrence may progress to an AR-negative 
phenotype with neuroendocrine (NE) histologic features, which are associated with metabolic disturbances and 
poor prognoses. However, the metabolic pathways that regulate NE differentiation (NED) in PCa remain unclear. 
Herein, we show a regulatory mechanism in NED-associated metabolism dysfunction induced by ADT, whereby 
overexpression of pyruvate kinase L/R (PKLR) mediates oxidative stress through upregulation of reactive oxygen 
species modulator 1 (ROMO1), thereby promoting NED and aggressiveness. ADT mediates the nuclear trans-
location of PKLR, which binds to the MYCN/MAX complex to upregulate ROMO1 and NE-related genes, leading 
to altered mitochondrial function and NED of PCa. Targeting nuclear PKLR/MYCN using bromodomain and 
extra-terminal motif (BET) inhibitors has the potential to reduce PKLR/MYCN-driven NED. Abundant ROMO1 in 
serum samples may provide prognostic information in patients with ADT. Our results suggest that ADT resistance 
leads to upregulation of PKLR/MYCN/ROMO1 signaling, which may drive metabolic reprogramming and NED in 
PCa. We further show that increased abundance of serum ROMO1 may be associated with the development of 
NE-like PCa.   

1. Introduction 

Prostate cancer (PCa) is a common health problem with an 
increasing annual incidence in men worldwide [1]. As androgen re-
ceptor (AR) signaling plays an important role in the occurrence and 
development of PCa, clinical targeting of the AR signaling cascade by 
androgen-deprivation therapy (ADT) has achieved great success [2]. 
However, many cases of PCa develop into castration-resistant PCa 

(CRPC), which is more aggressive and refractory to therapy [3,4]. 
Treatment of CRPC with more-effective AR-targeted therapies such as 
enzalutamide/MDV3100 and abiraterone may lead to an increase in AR 
low/negative (ARlow/-) CRPC subtypes [3,4]. AR-targeted therapy can be 
used to treat AR-positive CRPC; however, there are limited therapeutic 
options for ARlow/- CRPC [5]. Histologically, the main subset of ARlow/- 

CRPC is neuroendocrine (NE) PCa (NEPC), which is characterized by the 
loss of AR expression and increased expression of NE markers such as 
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chromogranin A (CHGA), synaptophysin (SYP), neuron-specific enolase 
(ENO2), and MYCN proto-oncogene (MYCN) [6]. The trans-
differentiation of AR-positive CRPC to NEPC is driven by different 
signaling molecules. Depletion of AR signaling was shown to be asso-
ciated with induction of epithelial-to-mesenchymal transition (EMT) 
signaling in PCa cells and appears to drive tumor aggressiveness in NEPC 
[7,8]. Hypoxia-mediated Notch signaling downregulation and RE1 
silencing transcription factor (REST) repression result in overexpression 
of neural genes (CHGA, SYP, and AURKA) and promote the 
NE-phenotype [9,10]. However, the metabolomic effectors driving NE 
differentiation (NED) and the development of more-aggressive small--
cell PCa (SCPC) remain largely unknown. 

Cancer cells have a high glycolytic and mitochondrial propensity to 
support nutrient depletion [11]. Alterations in mitochondrial (mt)DNA 
and the mitochondrial membrane potential (MMP) frequently occur in 
cancer cells, leading to altered mitochondrial function and reactive 
oxygen species (ROS) production [12]. ROS-mediated regulation of 
oncogenic signaling can cause oxidative damage, which further affects 
tumorigenesis and metastasis [13]. Increased ROS levels drive cells to 
enter a state of hyperproliferation accompanied by DNA damage, which 
further enhances drug resistance [13]. ROS were shown to activate 
resistance to multiple chemotherapeutic agents in various cancers, 
including PCa [14,15]. Dysregulation of AR signaling increases intra-
cellular ROS levels [16]. Upregulation of ROS levels promotes the 
aggressive phenotype of PCa cells through increased ROS production 
and metabolic reprogramming [13]. The increase in metabolic reprog-
ramming can support cell proliferation and lead to epigenetic changes, 
thereby promoting the development of NED subtypes of PCa [17]. 
However, the mechanism underlying ROS upregulation caused by 
ADT-induced metabolic enzymes that promotes mitochondrial biogen-
esis and which acts as a tumor promoter in the NED progression of PCa is 
currently unclear. 

In metabolic reprogramming, glycolytic enzymes such as pyruvate 
kinase were found to be involved in regulating the development of CRPC 
and NEPC [18]. Pyruvate kinase irreversibly catalyzes the trans--
phosphorylation between phosphoenolpyruvate (PEP) and adenosine 
diphosphate (ADP), generating pyruvate and adenosine triphosphate 
(ATP) [19]. Among the four isoenzymes of pyruvate kinase, the L and R 
isoenzymes are expressed by the pyruvate kinase L/R (PKLR) gene, 
while the M1 and M2 isoenzymes are expressed by the pyruvate kinase 
isoenzyme M2 (PKM2) gene. PKM2 is expressed in tissues with anabolic 
functions, promotes cell proliferation, and is subjected to complex 
allosteric regulation [20]. PKM2 can be translocated into the nucleus 
through activation of the epidermal growth factor receptor (EGFR) [21] 
or hypoxic [22] pathways. Whether PKLR is translocated into the nu-
cleus during disease progression remains unknown. PKLR is required to 
maintain levels of the major endogenous antioxidant, glutathione, and is 
important for colorectal cancer cell survival in the tumor core [23]. 
PKLR acts as a regulator of lipid metabolism and mitochondrial function 
by promoting mitochondrial function in liver and kidney cells [24,25]. 
Our recent findings suggest that PKLR is upregulated by loss of 
androgen-responsive transcription factor, zinc finger and BTB domain 
containing 10 (ZBTB10) that regulates glucose metabolism and pro-
motes NED of PCa after ADT [26]. However, the role of PKLR in medi-
ating mitochondrial function to promote therapeutic resistance and NED 
in PCa remains unclear. 

Since upregulated mitochondrial biogenesis and mtDNA contents 
after ADT were found to be related to metabolic disorders that lead to 
therapeutic resistance in PCa [27–29], we sought to determine signal 
transduction profiles that characterize upregulation of PKLR-driven 
metabolic reprogramming and their effects on the progression of 
ADT-resistant or NE-like PCa. Abnormalities in ROS sensors cause an 
imbalance in active oxygen regulators in PCa [30]. We found that ADT 
induced PKLR overexpression, which may be related to upregulation of 
the ROS sensor, ROS modulator 1 (ROMO1). ROMO1 has two α-helices 
located in the inner mitochondrial membrane [31], where its 

homohexamer forms a viroporin-like cation channel that plays a major 
role in balancing the mitochondrial reduction-oxidation state [32]. We 
show that PKLR overexpression upregulated ROMO1 and enhanced 
mitochondrial function; however, ROMO1-knockdown (KD) reduced 
oxidative stress in PCa cells. Interestingly, PKLR may be translocated to 
the nucleus after ADT, where it acts as a transcription factor, possibly by 
interacting with the nuclear MYCN/MAX complex and upregulating 
ROMO1 and NE markers, resulting in altered mitochondrial function 
and NED in PCa cells. Our study links two molecular mechanisms 
whereby low AR output is associated with increased abundance of the 
nuclear PKLR/MYCN/MAX complex in PCa, which upregulates 
ROMO1-driven altered mitochondrial function and enhances NE marker 
expression. 

2. Materials and methods 

2.1. Cell lines, reagents, and constructs 

The VCaP, LNCaP, C4-2, and PC3 PCa cell lines were purchased from 
ATCC (Manassas, VA, USA). All cells were cultured in RPMI 1640 me-
dium supplemented with 10% fetal bovine serum (FBS). The LASCPC01 
NEPC-like cell line was purchased from ATCC and cultured in RPMI 
1640 medium supplemented with 0.005 mg/ml insulin (Sigma-Aldrich), 
0.01 mg/ml transferrin (Sigma-Aldrich), 30 nM sodium selenite (Sigma- 
Aldrich), 10 nM hydrocortisone (Sigma-Aldrich), 10 nM β-estradiol 
(Sigma-Aldrich), 4 mM L-glutamine (Invitrogen), and 5% FBS. LNCaP/ 
Tet-PKLR cells were generated by stably transfecting LNCaP cells with 
a Tet-PKLR-inducible lentiviral vector (pInducer20, #44012; Addgene). 
PKLR was induced by treatment with 25 ng of doxycycline (Dox, Med-
ChemExpress) for 24 h. The MDV3100-resistant cell line, C4-2-MDVR, is 
a viable cell line generated by growing C4-2 cells under selection pres-
sure of 30 μM MDV3100 (enzalutamide, Selleck Chemicals) for 6 months 
in 10% FBS-containing medium. Cells in the medium were cultured at 
37 ◦C with 5% CO2 and saturated humidity, and all cell lines routinely 
tested negative for mycoplasma contamination. To mimic ADT, LNCaP 
cells were cultured in complete medium containing 5% charcoal- 
stripped serum (CSS, ThermoFisher) for 1–3 weeks. Rescue ADT was 
administered as 10 nM dihydrotestosterone (DHT; Sigma-Aldrich) 24 h 
after week 3 of ADT. For MYCN inhibitor treatment, LNCaP, C4-2, C4-2- 
MDVR, or PC3 cells were treated with 30 μM of the bromodomain and 
extraterminal motif (BET) inhibitor (JQ1 [33] or OTX-15 [34], 
Sigma-Aldrich) for 24 h. The non-target control (NC), PKLR-KD, or 
ROMO1-KD using Luciferase (Luc), PKLR, or ROMO1 small hairpin (sh) 
RNA vector (pKLO.1) were obtained from the RNAi Core Laboratory 
(Academic Sinica, Taipei, Taiwan). Small interfering (si)RNAs (NC, 
siMYC, and siMYCN) were obtained from ON-TARGETplus SMARTpool 
siRNAs (D-001810-10, L-003282-02, and L-003913-01; Horizon Dis-
covery). A stably expressing empty vector (EV), PKLR, or ROMO1 in 
cells was generated by respectively transfecting 
pCDH-CMV-MCS-EF1-Puro, pCDH-CMV-PKLR-EF1-Puro, or 
pCDH-CMV-ROMO1-EF1-Puro vectors (CD510B-1; System Biosciences) 
and selected with 1 μg/ml puromycin (ThermoFisher) for 1 month. 

2.2. Reverse-transcription quantitative polymerase chain reaction (RT- 
qPCR) analysis 

An RNA isolation kit (Qiagen) was used for total messenger (m)RNA 
isolation. Three micrograms of total mRNA was used for RT using a 
SuperScript III kit (Invitrogen). PCR amplification used SYBR Green PCR 
master mix (Applied Biosystems) with a thermocycler run for an initial 
95 ◦C incubation for 10 min, followed by 40 cycles of 95 ◦C for 15 s and 
60 ◦C for 1 min. Thresholds were normalized to the expression of the 
internal control, human 18S ribosomal (r)RNA, and run in triplicate. 
mRNA levels were quantified using the comparative Ct method. Exper-
iments were performed using a StepOnePlus real-time PCR system 
(Applied Biosystems), and data were processed using ABI SDS ver. 2.1 
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software (Applied Biosystems). All primers used for the PCR are listed in 
Supplementary Table S2. 

2.3. mtDNA extraction and analysis 

mtDNA was extracted using a QIAamp® DNA isolation kit (Qiagen). 
Briefly, 3 × 106 cells were harvested and mixed with 200 μL lysis buffer 
(buffer ATL, Qiagen) and proteinase K (Roche). The mixture was pre-
pared according to the protocol described in the users’ manual. The 
quantity of mtDNA was determined using a real-time qPCR as previously 
described [35]. PCR cycles used for mtDNA detection were as follows: 2 
min at 50 ◦C, 10 min at 95 ◦C, and 40 cycles at 95 ◦C for 15 s and 60 ◦C 
for 60 s. Primer sequences for Haplogroup M18 mtDNA and 18S RNA 
nuclear (n)DNA copy number detection were as follows: mtDNA_F: 
CGCCTCACACTCATTCTCAACC; mtDNA_R: CAAGGAAGGGGTAGGC-
TATGTG; nDNA_F: AGTCCCCCACAACACTGAGA; and nDNA_R: 
AATGGCACACGACAAGGTGG. The relative quantity of mtDNA 
was normalized using the following formula: mtDNA = 2×

2(CtnDNA− CtmtDNA), where CtmtDNA and CtnDNA respectively refer to 
threshold cycles of Haplogroup M18 mtDNA and 18S RNA nDNA. 

2.4. Colorimetric ATP assay 

A colorimetric ATP assay was performed using an ATP assay kit 
(Abcam) according to the manufacturer’s protocol, with some modifi-
cations. Briefly, 106 cells were harvested and lysed with an ATP assay 
buffer. Cells in the reaction mixture were lysed and incubated for 30 min 
at room temperature. The optical density (OD) at 570 nm was measured 
using a CLARIOstar microplate reader (BioTek), and the amount (μM) of 
ATP was calculated by referring to a calibration curve. 

2.5. Oxygen consumption rate (OCR) analysis 

OCR measurements using a mitochondrial stress assay kit (Seahorse 
Bioscience) were performed with a Seahorse XF24 extracellular flux 
analyzer (Seahorse Bioscience). In total, 5 × 104 cells/well of desired 
cells were inoculated into a Seahorse analyzer-specific culture plate 
(Seahorse Bioscience) and incubated overnight. A mitochondrial stress 
test was used to obtain bioenergetic parameters in cells following the 
sequential addition of inhibitors of mitochondrial function: 1 μM 
oligomycin, 0.75 μM carbonyl cyanide-p-trifluoromethoxypheny 
lhydrazone (FCCP), and a combination of rotenone and antimycin A (at 
0.5 μM each). 

2.6. Cellular ROS analysis 

A 2′,6′-dichlorofluorescin diacetate (DCFDA) cellular ROS assay kit 
(Abcam) was used to quantify ROS levels. All steps were performed 
based on the manufacturer’s protocol. In brief, 2 × 104 cells were har-
vested and incubated with 25 μM DCFDA for 30 min at 37 ◦C. After 
incubation, excess dye was washed out with 1 × Buffer solution, fol-
lowed by a fluorescence-activated cell sorting (FACS) analysis (BD 
Biosciences) with excitation/emission wavelengths at 485 nm/535 nm. 
Forward and side scatter gates were established to remove cell debris 
and cellular aggregates; 104 live cell events were then recorded and 
analyzed using FACSDiva software (BD Biosciences) and normalized to 
the value of the vehicle. 

2.7. Proliferation assay 

Cell viability was analyzed by staining cells with a crystal violet 
fixative solution (Sigma-Aldrich). For the experiment, a density of 500 
cells/well were seeded in multiple wells of 96-well plates. Proliferation 
rates were assessed every 24 h for seven days. Each day, one plate was 
stained with a 0.5% crystal violet fixative solution for 15 min, rinsed 

three times with distilled water, and allowed to air-dry. At the end of the 
experiment, the crystal violet was dissolved by adding 100 μl of 50% 
ethanol containing 0.1 M sodium citrate to each well. The absorbance 
was quantified at a wavelength of 540 nm using a CLARIOstar micro-
plate reader (BioTek). Relative cell numbers are presented as a ratio of 
OD 540 nm normalized to day 0. 

2.8. Three-dimensional (3D) sphere-formation assay 

For the sphere-formation assay, a single-cell suspension of 1000 
cells/well in cold Matrigel™ (Corning) was mixed at a 1:1 ratio with 
serum-free medium. Cells were uniformly seeded in a circular manner 
around the bottom rim of the wells in a 24-well plate and cultured in a 
37 ◦C incubator for 45 min to solidify the Matrigel. Spheres were 
replenished with warm complete medium, as in the original seeding, 
every 2 days at 37 ◦C in a humidified incubator for 6 days. Tumor 
spheres in each well were observed, and a snapshot was taken with a 
phase-contrast microscope (Olympus) and counted in three independent 
experiments with triplicate samples. 

2.9. Invasion and migration assays 

For the invasion assay, Matrigel-coated Transwell dishes were pre-
pared by adding 200 μl of CSS-containing medium diluted with Matrigel. 
Three thousand cells were resuspended in 600 μl of serum-free medium 
and added to Matrigel-coated 24-well Transwell dishes. The lower 
chamber was filled with 600 μl of 10% FBS-containing medium. After 
12 h, cells that had invaded the Matrigel-coated Transwell were fixed 
and stained with 0.5% crystal violet for 15 min. A phase-contrast mi-
croscope (Olympus) was used to capture a snapshot of the invading cells 
under the membrane, and three replicates were counted each time. The 
migration assay was performed using transwells without Matrigel, and 
cells were fixed and stained as described for the invasion assay. 

2.10. Western blot (WB) analysis 

Briefly, 2 × 106 cells were harvested by lysis in 100 μl of RIPA buffer 
(Bio-Rad) containing complete protease inhibitors (Roche) and phos-
phatase inhibitors (Roche). Protein concentrations in the lysed fractions 
were quantified using the Bradford reagent (Bio-Rad), and 30 μg of 
protein was used for the WB analysis. After transfer to polyvinylidene 
difluoride (PVDF) or nitrocellulose membranes (Merck Millipore), blots 
were blocked with 5% bovine serum albumin (BSA) in 0.1% Tween-20 in 
phosphate-buffered saline (PBST/PBS). Primary antibodies were incu-
bated overnight at 4 ◦C, and secondary antibodies were incubated at 
room temperature for 1 h, as indicated in Supplementary Table S3. The 
protein intensity was measured by ImageJ software (National Institutes 
of Health), and three independent experiments were performed. 

2.11. Mitochondrial membrane potential (MMP) analysis 

For MMP detection, 106 cells/well were seeded into 10-cm culture 
dishes, harvested after 24 h, washed twice with warm PBS, and stained 
with 50 nM 3,3′-diethyloxacarbocyanine iodide (DiOC2(3), Sigma- 
Aldrich)/PBS while being protected from light at 37 ◦C for 1 h. After 
staining, cells were washed once with warm PBS, and the fluorescence 
intensity was measured using a Canto II flow cytometer (BD Bio-
sciences). A fluorescent detector for MMP detection used the B/E 
channel (488 nm excitation and 670 nm long-pass emission). B/E 
channel data from the MMP assay were plotted as a dot plot and gated by 
the 2 μM carbonyl cyanide 3-chlorophenylhydrazone (CCCP, Sigma- 
Aldrich)-treated group. Values of the relative median fluorescence in-
tensity (MFI) of DiOC2(3) were measured by FACS (BD Biosciences) 
using FACSDiva software (BD Biosciences) and normalized to the value 
of the vehicle. Three independent experiments were performed in 
triplicate. 
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2.12. Tumorigenicity assays in mice 

Animal experiments were performed in accordance with a protocol 
(no.: LAC-2021-0444) approved by the Taipei Medical University Ani-
mal Care and Use Committee. For the tumorigenicity assays, 6-week-old 
male nude mice (obtained from the NLAC, Taipei, Taiwan) were 
randomly divided into four groups of five mice each and subcutaneously 
injected with 2.5 × 106 LNCaP/Tet-PKLR cells with the control vector or 
ROMO1 shRNA vector in 50% Matrigel (Corning). Four weeks after the 
injection, Dox-treated mice were administered Dox at a concentration of 
2 mg/ml in drinking water for 10 weeks under double-blind conditions. 
For MYCN inhibitor treatment, ten mice per group (DMSO and JQ1) 
were subcutaneously injected with 3.5 × 105 LASCPC01 cells, and mice 
were intraperitoneally treated with DMSO or JQ1 (30 mg/kg body 
weight) twice a week for 6 weeks under double-blind conditions. Tumor 
sizes were measured weekly using calipers, and the tumor volume was 
calculated using the following formula: tumor volume = (4/3) × (L/2) 
(W/2)2, where L is the length and W is the width. The results are pre-
sented as the mean ± standard error (SE) for each experimental group. 

2.13. Immunohistochemical (IHC) staining 

The tissue microarray (TMA) set, which included 40 cases of pros-
tatic carcinoma and 10 cases of benign prostatic tissue, was purchased 
from SuperBioChips Laboratories (#CA4). Tumor samples from 17 PCa 
patients before and after ADT were collected from Taipei Medical 
University-Wan Fang Hospital (Taipei, Taiwan), and the study protocol 
was approved by the Taipei Medical University Joint Institutional Re-
view Board (approval no. N202201057). Treatment information for PCa 
patients before and after ADT is shown in Supplemental file 3. Sections 
were deparaffinized, rehydrated, and blocked with 3% hydrogen 
peroxide. Heat-induced antigen retrieval was performed in citric acid 
buffer (pH 6.0) at 121 ◦C for 10 min in a decloaking chamber (Biocare 
Medical). Sections were incubated with a diluted primary antibody at 
room temperature for 2 h. Antibodies used for IHC are listed in Sup-
plementary Table S4. Sections were then incubated with a biotin- 
conjugated secondary antibody (Biocare Medical) at room temperature 
for 20 min, followed by incubation with a prediluted streptavidin- 
horseradish peroxidase complex at room temperature for 20 min. 
Immunoreactivity was revealed by adding 3,3′-diaminobenzidine, fol-
lowed by hematoxylin staining. Pathological diagnoses and Gleason 
grading of these cases were confirmed microscopically by a pathologist 
(Wei-Yu Chen). The intensities of nuclear PKLR and cytoplasmic ROMO1 
staining were scored semiquantitatively as negative, weakly positive, 
moderately positive, and strongly positive. Correlations of the grading of 
prostatic adenocarcinomas with ROMO1 expression were compared 
using a Chi-squared test in SPSS statistical 18.0 software (SPSS). For the 
relative intensity of nuclear PKLR and its correlation with cytoplasmic 
ROMO1 in PCa patients before and after ADT, significance was deter-
mined using a one-way analysis of variance (ANOVA) in GraphPad 
Prism (GraphPad Software). 

2.14. Immunoprecipitation (IP)-WB analysis 

The IP-WB assay was performed using a Pierce™ classic magnetic IP/ 
CO-IP kit (ThermoFisher). For IP, 2 × 107 LASCPC01 or C4-2-MDVR 
cells were treated with DMSO, 30 μM JQ1 or 30 μM OTX-15 for 24 h, 
and then lysed with IP buffer (0.025 M Tris-HCl (pH 7.4), 0.15 M NaCl, 
0.001 M EDTA, 1% NP40, 5% glycerol, and 1% protease inhibitor 
cocktail) for 15 min on ice, followed by centrifugation at 1.3 × 104 ×g 
for 10 min at 4 ◦C. Subsequently, 500 μg of the protein supernatant was 
incubated with 5 μg of PKLR (sc-133224; Santa Cruz Biotechnology), an 
MYCN antibody (sc-53993; Santa Cruz Biotechnology), or control 
immunoglobulin G (IgG) overnight at 4 ◦C. Protein A/G magnetic beads 
were then added and incubated for 1 h with shaking at room tempera-
ture. After washing the beads thrice with IP buffer, the immune complex 

was collected on ice and subjected to a WB analysis. Antibodies used for 
WB are listed in Supplementary Table S3. 

2.15. Chromatin IP (ChIP) assay 

ChIP assays were performed using an EZ Magna ChIP A kit (Merck 
Millipore), according to a modified protocol. ADT-treated LNCaP, C4-2- 
MDVR, or LASCPC01 cells were treated with 30 μM JQ1 or 30 μM OTX- 
15 for 24 h, and then crosslinked with 1% formaldehyde in culture 
medium at room temperature for 15 min, followed by the addition of 1 
ml 10× glycine treatment. Cells were washed twice with cold PBS 
containing a protease inhibitor (Roche) and centrifuged at 105 rpm. Cell 
pellets were resuspended in cell lysis buffer (0.5 mL) and incubated on 
ice for 15 min. Nuclei were collected by centrifugation at 105 rpm and 
4 ◦C for 10 min and resuspended in nuclear lysis buffer. Genomic DNA 
was sheared with a microtip during sonication (Branson Sonifier 250, 
Emerson) following 15 cycles of a 20-s burst then 1 min on ice. This 
procedure resulted in DNA fragments of approximately 100–300 bp in 
length. Sheared chromatin was aliquoted to perform IP with the indi-
cated antibodies at 4 ◦C overnight. A qPCR was performed in triplicate 
with 2 μl of eluted chromatin. ChIP antibodies and PCR primers used are 
listed in Supplementary Table S5. For the ChIP-sequencing (Seq) anal-
ysis, ChIP-Seq data were downloaded from the Gene Expression 
Omnibus (GEO) (GSM2915909_MYCN and GSM1711858_MAX) and 
analyzed with the Genome Browser (Genomics Institute, University of 
California at Santa Cruz, Santa Cruz, CA, USA). 

2.16. Promoter reporter assay 

For the promoter reporter assays, 5 × 104 cells/well of C4-2-MDVR-, 
LASCPC01-, or CSS-treated LNCaP cells were cultured in 12-well plates 
and transiently transfected with 1 μg of the ROMO1-green fluorescent 
protein (GFP) reporter containing wild-type (WT) or mutant (M) E 
boxes. ADT-treated LNCaP and C4-2 cells were treated with DMSO, 30 
μM JQ1, or 30 μM OTX-15 for 24 h. The promoter function was analyzed 
using FACS (BD Biosciences), and relative GFP MFI values were 
measured by FACS using FACSDiva software (BD Biosciences) and 
normalized to the value of the vehicle. Three independent experiments 
were performed in triplicate. 

2.17. Enzyme-linked immunosorbent assay (ELISA) 

Serum ROMO1 titration was performed using the human ROMO1 
ELISA kit (MBS4502277; MyBioSource) according to the manufacturer’s 
instructions. Sera from healthy donors (27 samples), patients with pri-
mary PCa (22 samples), and metastatic PCa patients (19 samples) were 
collected from Taipei Medical University-Wan Fang Hospital (Taipei, 
Taiwan). Written informed consent was obtained from all patients, and 
the study was approved by the Taipei Medical University Joint Institu-
tional Review Board (approval no. N202201057) in accordance with the 
Declaration of Helsinki. Clinical stage information for patients selected 
for circulating ROMO1 measurements is shown in Supplemental file 4. 

2.18. Statistical analysis 

All data are presented as the mean ± standard error of the mean 
(SEM). Statistical calculations were performed with GraphPad Prism 
analytical tools (GraphPad Software). Differences between individual 
groups were determined using Student’s t-test or a one-way analysis of 
variance (ANOVA), followed by Bonferroni’s post-test for comparisons 
among three or more groups. p values of <0.05 were considered statis-
tically significant. A log-rank test was used for the survival curve anal-
ysis of the Taylor [36] PCa clinical datasets using GraphPad Prism, and 
hazard ratios of ROMO1 high (n = 56)/ROMO1 low (n = 55) were 
determined for each group. The method for determining cutoff values 
was predetermined by half the number of patients. 
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3. Results 

3.1. Increased PKLR promotes altered mitochondrial function associated 
with malignant progression in PCa cells 

PKLR has the potential to regulate mitochondrial function and pro-
mote oxidative stress in liver and kidney cancer [24,25]. Our earlier 
study showed that ADT induces upregulation of PKLR, which is associ-
ated with NED of PCa after ADT [26]. To determine the correlation of 
PKLR with the NEPC status, PKLR expression levels in a panel of PCa cell 
lines were validated. Results showed that increased PKLR was associated 
with NE markers and was enriched in MDVR-resistant C4-2-MDVR, 
AR-negative PC3, and NEPC-like LASCPC01 cells compared to 
AR-positive LNCaP and C4-2 cells (Fig. 1A and Supplementary Fig. S1A). 
The specificity of PKLR-KD was shown in PC3 cells as inhibition of PKLR 
was associated with reduced NE markers and increased autophagy/mi-
tophagy and apoptosis markers but no change in AR levels (Fig. 1B and 
Supplementary Fig. S1B). To determine the role of PKLR in mediating 
mitochondrial function in PCa cells, we validated mtDNA contents of 
PC3 cells with PKLR-KD and found that a reduced mtDNA content was 
associated with reduced ATP levels compared to control cells (Fig. 2C 
and D). Next, we analyzed the OCR of PC3 cells with PKLR-KD using a 
Seahorse XF24 analyzer to determine the role of PKLR in mitochondrial 
respiration. Results showed that OCR values were significantly down-
regulated in PKLR-KD cells compared to control cells (Fig. 1E). Conse-
quently, we examined the effect of PKLR-KD on the proliferation of PC3 
cells and found that cells with PKLR-KD had decreased cell proliferation 
(Supplementary Fig. S1C) and numbers of 3D spheres (Fig. 1F). We also 
found that PKLR-KD cells had reduced cell migration and invasion 
through Matrigel (Fig. 1G). Moreover, PKLR-KD cells showed reduced 
ROS production and cell cycle arrest in G1 phase by FACS analysis 
(Fig. 1H and Supplementary Fig. S1D). In contrast, PKLR-overexpressing 
PC3 cells showed increased PKLR protein levels associated with upre-
gulated NE markers and downregulated mitophagy/autophagy and 
apoptosis markers, but no change in AR levels (Supplementary 
Figs. S1E–F). Notably, overexpression of PKLR in PC3 cells resulted in 
partial increases in mtDNA contents, cellular ATP levels, OCR values, 
ROS production, cell proliferation, sphere formation, cell migratio-
n/invasion, and showed increased number of cells in S phase (Supple-
mentary Fig. S1G-N), supporting an oncogenic role for PKLR-driven 
altered mitochondrial function in AR-negative PCa cells. We further 
stimulated PKLR levels in androgen-dependent LNCaP cells harboring a 
tetracycline-inducible PKLR vector (LNCaP/Tet-PKLR). We found that 
cells overexpressing PKLR may have higher mtDNA contents and ATP 
levels relative to a dose-dependent Dox response after Dox treatment 
(Fig. 1I–K). Moreover, PKLR overexpression also induced higher OCR 
values, cell proliferation, sphere formation, and cell migration/invasion 
in Dox-treated LNCaP/Tet-PKLR cells compared to control cells 
(Fig. 1L-O). To test the function of PKLR under ADT conditions, 
MDV3100-resistant C4-2-MDVR cells were used, and we found that 
increased PKLR levels in C4-2-MDVR cells were associated with upre-
gulated NE markers, but no change in AR levels (Supplementary 
Fig. S2A). We also found that increased PKLR associated with upregu-
lated mtDNA contents, cellular ATP levels, cell proliferation, sphere 
formation, cell migration/invasion, and ROS production compared to 
parental C4-2 cells; however, PKLR-KD eliminated these effects (Sup-
plementary Figs. S2B–H). These data suggest that upregulation of PKLR 
may promote altered mitochondrial function, leading to malignant 
progression of PCa cells. 

3.2. PKLR increases NED and alters mitochondrial function associated 
with ROMO1 upregulation 

We aimed to understand the molecular mechanisms by which PKLR 
regulates mitochondrial function in PCa cells. Total mRNA was prepared 
from androgen-dependent LNCaP cells stably expressing the EV or PKLR 

complementary (c)DNA, and an RNA-Seq analysis was performed to 
determine signaling pathways upregulated after PKLR overexpression 
(Supplementary file 2). RNA-Seq data were analyzed in a set of gene 
signatures collected from gene ontology (GO) classifications by gene set 
enrichment analysis (GSEA) and displayed as a ridge plot grouped using 
frequencies of fold change values for each gene set in PKLR- 
overexpressing cells compared to cells expressing the EV. We found 
that PKLR-overexpressing cells were significantly associated with an 
upregulated mitochondrial inner membrane protein-responsive gene 
signature (Supplementary Fig. S3A), supporting the role of PKLR in 
regulating mitochondrial function [25]. GSEA results were validated 
using The Cancer Genome Atlas (TCGA) PCa dataset and showed a 
robust correlation between PKLR upregulation and an increased mito-
chondrial inner membrane protein-responsive gene signature in PCa 
patients (Supplementary Fig. S3B). According to the GSEA results, we 
found that ROMO1, a ROS modulator, was the most important candidate 
gene that harbored the highest ranking metric score with a significant 
false discovery rate (FDR) and p value among the upregulated mito-
chondrial membrane protein components (Supplementary Fig. S3C). 
Volcano plots of RNA-Seq data from LNCaP cells transfected with PKLR 
cDNA or the EV confirmed that ROMO1 mRNA was significantly upre-
gulated in PKLR-overexpressing cells (p = 0.0125, Supplementary 
Fig. S3D), suggesting that upregulation of ROMO1 is related to PKLR 
abundance in PCa cells. 

To understand the association of ROMO1 with PKLR, mRNA levels of 
ROMO1 and PKLR were validated in a panel of PCa cell lines. Notably, 
MDV3100-resistant C4-2-MDVR, AR-negative PC3, and NEPC-like 
LASCPC01 cells expressed higher levels of ROMO1 and PKLR than AR- 
positive VCaP, LNCaP, and C4-2 cells (Fig. 2A). Next, we investigated 
the functional role of PKLR in regulating ROMO1 expression involved in 
PCa NED progression and mitochondrial function using LNCaP/Tet- 
PKLR cells with ROMO1-KD. We found that a dose-dependent increase 
in ROMO1 mRNA was associated with PKLR overexpression in Dox- 
treated LNCaP/Tet-PKLR cells (Supplementary Fig. S3E). We also 
found that increased PKLR was associated with elevated ROMO1, and 
NE markers and decreased mitophagy/autophagy and apoptotic protein 
markers, but no change in AR protein abundance (Fig. 2B and Supple-
mentary Fig. S3F). Moreover, ROMO1-KD expressed in PKLR- 
overexpressing cells exhibited decreased ROMO1 associated with 
decreased NE markers and increased mitophagy/autophagy and 
apoptotic protein markers, but no change in AR protein levels (Fig. 2C 
and Supplementary Fig. S3G). We also found that mtDNA contents, 
cellular ATP levels, and the MMP were downregulated in PKLR- 
overexpressing cells with ROMO1-KD (Fig. 2D–F). Importantly, the 
OCR was significantly upregulated following PKLR overexpression, 
whereas it was downregulated in ROMO1-KD cells (Fig. 2G). These data 
suggest that PKLR induces mitochondrial function in PCa possibly 
through ROMO1 activation. We further examined whether PKLR me-
diates PCa tumorigenesis through ROMO1 upregulation in vivo. Male 
nude mice were subcutaneously injected with LNCaP/Tet-PKLR cells 
stably transfected with ROMO1 or control shRNA, and mice were treated 
with Dox in drinking water. We observed stimulated tumor growth in 
mice injected with LNCaP/Tet-PKLR cells harboring control shRNA in 
the presence of Dox; however, mice injected with LNCaP/Tet-PKLR cells 
harboring ROMO1 shRNA and treated with Dox showed significantly 
attenuated tumor growth (Fig. 2H) and tumor weights (Fig. 2I), 
compared to mice injected with control shRNA and treated with Dox. 
Interestingly, the PKLR protein abundance in cells was associated with 
upregulated ROMO1, NE (ENO2), and proliferation (KI67) markers and 
a decrease in AR-responsive protein (NKX3-1) and apoptotic protein 
(cleaved caspase-3) in Dox-treated mice, whereas ROMO1-KD reduced 
the abundance of ROMO1, ENO2, and KI67 but increased NKX3-1 and 
cleaved caspase-3 in Dox-treated mice, as confirmed by IHC staining 
(Fig. 2J and K). These results suggest that PKLR overexpression may 
upregulate mitochondrial function and NE marker expression; however, 
ROMO1-KD decreased mitochondrial function and NE marker 
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Fig. 1. PKLR upregulates mitochondrial function and increases aggressiveness of prostate cancer (PCa) cells. 
(A) Representative immunoblots of PKLR, ENO2, CHGA, and AR protein levels in various PCa cells. (B) Representative immunoblots of PKLR, ENO2, CHGA, BNIP3, 
LC3, cleaved caspase-3, and AR protein levels in PC3 cells stably expressing the non-targeting control (NC) or PKLR shRNA vector. (C and D) Relative mtDNA 
contents (C) and cellular ATP levels (D) in PC3 cells stably expressing the NC or PKLR shRNA vector. * vs. the NC. (E) Oxygen consumption rate (OCR) measurements 
in PC3 cells stably expressing the NC or PKLR shRNA vector using a Seahorse XF24 extracellular flux analyzer following the sequential addition of inhibitors of 
mitochondrial function: oligomycin, FCCP, and a combination of rotenone and antimycin A. n = 3 per group. * vs. the NC. (F and G) Three-dimensional sphere- 
formation (F) and migration and invasion through Matrigel (G) assays of PC3 cells stably expressing the NC or PKLR shRNA vector. n = 5 per group. * vs. the NC. 
Scale bars represent 20 μm (F) and 100 μm (G), respectively. (H) Reactive oxygen species (ROS) analysis in PC3 cells stably expressing the NC or PKLR shRNA vector, 
stained with DCFDA, and then analyzed for changes in their fluorescent profile using flow cytometry. n = 3 per group. (I–K) Relative PKLR mRNA (I) and mtDNA 
contents (J), and cellular ATP levels (K) in LNCaP/Tet-PKLR cells with different doses of doxycycline (Dox) treatment for 24 h * vs. − 0 ng/ml Dox. (L) OCR 
measurements in LNCaP/Tet-PKLR cells with 25 ng/ml of Dox treatment for 24 h following sequential addition of inhibitors of mitochondrial function. n = 3 per 
group. * vs. -Dox. (M and N) Cell proliferation (M) and three-dimensional sphere-formation (N) assays in LNCaP/Tet-PKLR cells with 25 ng/ml of Dox treatment for 6 
days. n = 8 per group. * vs. -Dox. Scale bars (N) represent 20 μm. (O) Migration and invasion through Matrigel assays in LNCaP/Tet-PKLR cells with 25 ng/ml of Dox 
treatment for 12 h n = 5 per group. * vs. -Dox. Scale bars represent 100 μm. Data from relative mtDNA contents, cellular ATP levels, proliferation, migration, invasion 
through Matrigel assays, DCFDA intensity, and OCR measurements are presented as the mean ± SEM of three independent experiments. *p < 0.05, **p < 0.01, and 
***p < 0.001, by a one-way ANOVA. 
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Fig. 2. PKLR/ROMO1 mediates mitochondrial function and the neuroendocrine (NE) differentiation potential of prostate cancer (PCa) cells. 
(A) Relative mRNA levels of ROMO1 and PKLR in various PCa cells by an RT-qPCR. * vs. VCaP, by a one-way ANOVA. (B) Protein levels of PKLR, ROMO1, CHGA, 
ENO2, BNIP3, LC3, cleaved caspase-3, and AR in LNCaP/Tet-PKLR cells with 0, 5, 10, and 25 ng/ml of doxycycline (Dox) treatment for 24 h by WB. (C) Protein 
abundance of PKLR, ROMO1, CHGA, ENO2, BNIP3, LC3, cleaved caspase-3, and AR in LNCaP/Tet-PKLR cells stably expressing the non-targeting control (NC) or 
ROMO1 shRNA vector following 25 ng/ml of Dox treatment for 24 h by WB. (D and E) Relative mtDNA contents (D) and cellular ATP levels (E) in LNCaP/Tet-PKLR 
cells stably expressing the NC or ROMO1 shRNA vector following 25 ng/ml of Dox treatment for 24 h * vs. -Dox; # vs. the NC, by a two-way ANOVA. (F) Relative 
mitochondrial membrane potential (MMP) in LNCaP/Tet-PKLR cells stably expressing the NC or ROMO1 shRNA vector following 25 ng/ml of Dox treatment for 24 h. 
Cells were stained with DiOC2(3)-FTIC, and then analyzed for changes in their fluorescent profile by flow cytometry. Results of the quantitative analysis of DiOC2(3)- 
FTIC staining are shown as the relative median fluorescence intensity (MFI). * vs. -Dox; # vs. the NC, by a two-way ANOVA. (G) Oxygen consumption rate (OCR) 
measurements of LNCaP/Tet-PKLR cells stably expressing the NC or ROMO1 shRNA vector following 25 ng/ml of Dox treatment for 24 h and sequential addition of 
inhibitors of mitochondrial function. n = 3 per group. * vs. -Dox; # vs. the NC, by a two-way ANOVA. (H and I) Tumor growth analysis of mice subcutaneously 
inoculated with LNCaP/Tet-PKLR cells. Dox-treated mice received Dox at a concentration of 2 mg/ml in drinking water for 10 weeks. Tumor sizes were monitored 
once a week (H) and tumor weights (I) were obtained at the end of the experiment (n = 5 mice per group). * vs. -Dox; # vs. the NC, by a two-way ANOVA. (J and K) 
IHC staining (J) and relative intensities (K) of PKLR, ROMO1, ENO2, KI67, NKX3-1, and cleaved caspase-3 in subcutaneous tumors from (H). * vs. -Dox; # vs. the NC, 
by a two-way ANOVA. Scale bars (J) represent 100 μm. Data from relative mRNA expression, mtDNA contents, cellular ATP levels, MFIs of FTIC, and OCR mea-
surements are presented as the mean ± SEM of three independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001. 
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expression in PKLR-overexpressing cells. Taken together, our findings 
suggest that PKLR may be an upstream regulator of ROMO1, and 
ROMO1 is required for mitochondrial function and malignant progres-
sion in PCa. 

3.3. ROMO1-upregulated NED is associated with altered mitochondrial 
function in PCa 

Although ROMO1 was shown to be involved in regulating ROS 
production [32] and to be associated with the malignant progression of 
lung, bladder, and colorectal cancers [37–39], the functional role of 
ROMO1 in NED of PCa remains unknown. To determine the role of 
ROMO1 in affecting NED in AR-positive cells, ROMO1 cDNA was 
overexpressed in LNCaP cells. We found that ROMO1 overexpression in 
LNCaP cells increased NE markers associated with stem cell markers 
(Fig. 3A and B and Supplementary Fig. S3H), supporting NED in PCa 
being correlated with abundance of stem cell markers [40]. We also 
found that ROMO1 cDNA overexpression in LNCaP cells upregulated cell 
proliferation and 3D sphere formation (Fig. 3C and D), supporting the 
highly proliferative nature of NEPC cells [41]. To determine whether 
upregulation of ROMO1 mediates mitochondrial function, we examined 
the MMP in ROMO1-overexpressing LNCaP cells by staining with a 
mitochondrial stress indicator (DiOC2(3)) and flow cytometric mea-
surements. Results showed that the MMP was upregulated upon ROMO1 
overexpression, as indicated by DiOC2(3) accumulation (Fig. 3E). 
Moreover, higher mtDNA contents and ATP levels were found in 
ROMO1-overexpressing cells (Fig. 3F and G). In contrast, AR-negative 
PC3 cells with ROMO1-KD were found to have reduced NE and stem 
cell markers (Fig. 3H and I and Supplementary Fig. S3I). Reduced cell 
proliferation and 3D sphere formation as well as decreased mtDNA and 
cellular ATP contents were detected in PC3 cells with ROMO1-KD 
(Fig. 3J-M). A reduction in the MMP was observed in PC3 cells 
harboring ROMO1-KD (Fig. 3N). Importantly, ROMO1 overexpression in 
LNCaP cells resulted in upregulation of OCR values, whereas 
ROMO1-KD PC3 cells showed reduced OCR values, as determined with 
the Seahorse XF24 analyzer (Fig. 3O-P). These data suggest that ROMO1 
overexpression may upregulate NED progression and change mito-
chondrial function in PCa. 

3.4. ADT induces ROMO1 expression, and its abundance correlates with 
NE phenotype and lineage plasticity in PCa 

To study the clinical relevance of PKLR/ROMO1 in PCa, we analyzed 
abundance of PKLR and ROMO1 by IHC staining in a PCa TMA, 
including 40 cases of primary PCa and nine cases of benign prostatic 
tissues (CA4; SuperBioChips Laboratories). The IHC analysis showed a 
positive correlation between ROMO1 abundance and PKLR in tumor 
cells according to Spearman’s rank correlation coefficient (R = 0.3498; 
p = 0.0269, Fig. 4A and B). We also found that PCa samples with higher 
tumor grades exhibited significantly higher abundance of PKLR and 
ROMO1, according to a Chi-squared test (Fig. 4C and D). The mean 
expression correction was validated using the Taylor and TCGA PCa 
datasets, which showed that PKLR abundance were positively correlated 
with ROMO1 (Supplementary Figs. S4A–B). In the GSE21036 PCa 
dataset, ROMO1 mRNA abundance were significantly higher in primary 
tumor samples than in normal prostate tissues and further increased in 
metastatic tumors (Fig. 4E). The Kaplan-Meier analysis showed that PCa 
patients whose tumors had higher ROMO1 mRNA abundance survived 
for shorter periods than those with low ROMO1 mRNA abundance, ac-
cording to a log-rank test of the GSE21036 PCa dataset (hazard ratio 
ROMO1 high/ROMO1 low = 2.843; Fig. 4F). In addition, the upregu-
lated mean ROMO1 abundance was associated with higher cancer stages 
and Gleason scores in the GSE21036 PCa dataset (Supplementary 
Figs. S4C–D). We next examined ROMO1 mRNA abundance in an RNA- 
Seq dataset (GSE48403) of paired PCa samples before and after ADT, 
and found that ROMO1 was significantly elevated in patients after ADT 

(Fig. 4G). In line with AR inhibition, charcoal-stripped serum (CSS- 
containing medium) is widely used to create a hormone-free cell culture 
medium to mimic ADT treatment in PCa patients [42]. AR-positive 
LNCaP cells treated with CSS-containing medium showed abundant 
PKLR mRNA, which correlated with the upregulated mRNA abundance 
of ROMO1, NE (SYP, CHGA, and ENO2), and stem cell (SOX2 and 
NANOG) markers, but with no change in AR levels (Fig. 4H). Conversely, 
decreased mRNAs of PKLR, ROMO1, NE, and stem cell markers but no 
change in AR were observed in CSS-treated cells treated with AR ligand, 
DHT (Fig. 4H). For long-term AR antagonist treatment of cells, 
MDV3100, which specifically inhibits AR signaling, was used to treat 
C4-2 cells [43,44]. Consistently, C4-2-MDVR cells showed abundant 
ROMO1 mRNA, which was associated with upregulated mRNA abun-
dance of PKLR, NE, and stem cell markers but with no change in AR 
(Fig. 4I). An abundance of the PKLR protein was observed in CSS-treated 
LNCaP and C4-2-MDVR cells and was correlated with abundant ROMO1 
and NE markers, whereas ROMO1-KD reduced the abundance of 
ROMO1 and NE marker proteins but with no change in AR (Fig. 4J and K 
and Supplementary Figs. S4E–F). The GSEA of TCGA PCa database 
validated that upregulation of NEPC-responsive gene signatures was 
positively correlated with PCa tissues expressing higher PKLR and 
ROMO1 mRNAs (Fig. 4L). Significantly, ROMO1 mRNA abundance was 
higher in NEPC patients than in PCa adenocarcinoma patients in the 
NEPC dataset [45] by a z-score analysis (Fig. 4M). Moreover, highly 
abundant ROMO1 PCa samples were positively associated with gene 
signatures involved in neuronal developmental responsiveness (KEGG, 
GO, and REACTOME) and negatively correlated with androgen 
responsiveness (Nelson [6], Wang [46], Doane [47], PID, and GO) based 
on verification of the GSEA in TCGA PCa dataset (Fig. 4N), supporting 
the hypothesis that ROMO1 upregulation was correlated with NEPC 
progression. We further investigated how PKLR/MOMO1 signaling 
promotes malignant progression in AR-negative and ADT-resistant cells. 
PKLR shRNA was expressed in PC3 and C4-2-MDVR cells and further 
rescued with ROMO1 cDNA. Results showed that cells with PKLR-KD 
had reduced ROMO1, and NE marker proteins and increased autopha-
gy/mitophagy and apoptosis markers, whereas rescue by ROMO1 
reversed these effects, but AR protein was unchanged (Supplementary 
Figs. S5A–B). We also found that PKLR-KD suppressed cell migration, 
invasion, and proliferation, whereas ROMO1 overexpression in 
PKLR-KD cells exhibited increases in these malignant features (Supple-
mentary Figs. S5C–F). Based on these findings, ROMO1 may be upre-
gulated in PCa after ADT and contribute to PKLR-driven NED and 
malignant progression. 

3.5. ADT induces nuclear function of PKLR and drives PKLR/MYCN/ 
MAX interactions 

To explore the clinical significance between PKLR and ROMO1 in 
PCa after ADT, ADT-induced PKLR/ROMO1 signaling was confirmed 
through an analysis of consecutive tissue sections of prostate tumor 
samples isolated from patients before and after ADT. We found that the 
abundance of nuclear PKLR and cytoplasmic ROMO1 were higher in 
prostate tumors from patients who had received ADT than in those from 
hormone-naïve patients according to IHC staining (Fig. 5A and B). These 
results suggest that PKLR protein in PCa may be translocated into the 
nucleus after ADT and may be associated with ROMO1 upregulation. We 
next validated nuclear PKLR abundance by treating AR-positive LNCaP 
cells with CSS-containing medium to induce ADT. IF staining results 
showed that the intensity of the nuclear PKLR protein was positively 
correlated with nuclear DAPI (Supplementary Figs. S6A–B), confirming 
the accumulation of nuclear PKLR in cells after ADT. To understand 
relevant pathways after PKLR activation, we analyzed RNA-Seq data in 
LNCaP cells expressing EV or PKLR cDNA by GSEA for gene signatures in 
response to potential signaling pathways. Based on the GSEA, the 
enrichment distribution was shown as a grouped ridge graph, indicating 
that the upregulated MYC-targeted responsive gene signature was the 
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highest ranked and was significantly more positive in PKLR-expressing 
cells compared to EV-expressing cells (Supplementary Figs. S6C–D). 
Although MYC activation is the most common molecular change in 
human cancers [48], experimental evidence has shown that MYC and 
MYCN, a transcription factor in the same family, are functionally 
interchangeable [49], and MYCN is more specific for NED of PCa [41, 
50]. Interestingly, we found that PKLR protein and mRNA levels were 
higher in C4-2-MDVR cells than in control parental C4-2 cells and were 
significantly correlated with abundance of ROMO1, MYCN, and MAX, 
but not MYC (Fig. 5C and D and Supplementary Fig. S6E). C4-2-MDVR 
cells treated with MYCN-specific siRNA showed reductions in PKLR, 
ROMO1, MYCN, and MAX proteins and mRNAs; however, MYC siRNA 
treatment reduced MYC and MAX, but not PKLR, ROMO1, or MYCN 
(Fig. 5C and D and Supplementary Fig. S6E). We also found that 
silencing of MYCN in NEPC-like LASCPC01 cells resulted in decreased 
abundance of PKLR, ROMO1, MYCN, and MAX proteins compared to 
MYC-KD cells (Fig. 5E and Supplementary Fig. S6F). These data suggest 
possible correlations among PKLR, ROMO1, MYCN, and MAX proteins 
in PCa cells after ADT resistance or NED progression. We further treated 
LASCPC01 cells with two putative MYCN inhibitors, JQ1 [33] and 
OTX-15 [34], a BET inhibitor, to examine relationships among PKLR, 
ROMO1, MYCN, and MAX proteins. We found that a dose-dependent 
reduction in PKLR protein was associated with decreased abundance 
of ROMO1, MYCN, and MAX in cells treated with increasing concen-
trations of JQ1 or OTX-15 (Fig. 5F and Supplementary Figs. S6G–H). 
Moreover, CSS-treated LNCaP cells showed abundant PKLR, ROMO1, 
MYCN, and MAX mRNA and protein levels, whereas CSS-treated cells 
treated with JQ1 or OTX-15 exhibited reduced abundance of PKLR, 
ROMO1, MYCN, and MAX (Supplementary Figs. S6I–J). Consistently, 
C4-2-MDVR cells treated with JQ1 or OTX-15 showed downregulation of 
PKLR, ROMO1, MYCN, and MAX mRNAs and proteins (Fig. 5G and H 
and Supplementary Fig. S6K). These results suggest that MYCN may 
contribute to PKLR-mediated ROMO1 abundance in PCa cells after ADT 
and that BET inhibitor treatment may suppress this effect. 

To verify possible interactions of nuclear PKLR with MYCN and MAX 
proteins in NEPC-like PCa, LASCPC01 cells were subjected to IP-WB 
analyses, followed by NC, MYCN, or MYC siRNA treatment. Notably, 
stable interactions between nuclear PKLR/MYCN/MAX proteins in 
LASCPC01 cells were observed by IP of nuclear PKLR or MYCN proteins 
and immunoblotting of PKLR, MYCN, or MAX proteins; however, 
LASCPC01 cells transfected with MYCN siRNA but not MYC siRNA 
exhibited reduced nuclear PKLR/MYCN/MAX protein interactions 
(Fig. 5I and Supplementary Figs. S7A–B) Consistently, reduced in-
teractions among these proteins were observed in LASCPC01 cells 
treated with JQ1 or OTX-15 (Fig. 5J and Supplementary Figs. S7C–D). 
We also found that C4-2-MDVR cells displayed enhanced interactions 
between nuclear PKLR/MYCN/MAX proteins compared to parental C4- 
2 cells, whereas JQ1 or OTX-15 treatment inhibited their interaction, as 

analyzed by IP of nuclear PKLR or MYCN proteins and immunoblotting 
of PKLR, MYCN, or MAX proteins (Fig. 5K and Supplementary 
Figs. S7E–F). These data suggest that nuclear PKLR/MYCN/MAX com-
plex interactions are upregulated in PCa after ADT resistance or NED 
progression. 

3.6. ADT-activated PKLR/MYCN complex upregulates ROMO1, CHGA, 
SYP, and ENO2 

We hypothesized that nuclear PKLR may be associated with the 
MYCN/MAX complex as a transcriptional cofactor that binds to ROMO1 
regulatory sequence. We downloaded the ChIP-Seq data from the GEO 
(GSM1711858 and GSM2915909) and analyzed potential binding of 
MYCN and MAX to ROMO1 using the Genome Brower (Genomics 
Institute). Results showed that MYCN and MAX appeared to bind to 
multiple sites on ROMO1 (Supplementary Fig. S8A). Given that E-box is 
a putative binding site for the MYCN/MAX complex [51], we searched 
for sequences resembling E-box in the putative ROMO1 regulatory 
sequence region. Notably, we identified five candidate E-boxes upstream 
of the ROMO1 transcription start site and one downstream E-box 
(Fig. 6A). To determine whether nuclear PKLR/MYCN directly binds to 
ROMO1 in PCa after ADT resistance, ChIP assays were performed using 
nuclear extracts from C4-2-MDVR cells in the presence of JQ1 or 
OTX-15. We found that nuclear PKLR and MYCN significantly bound to 
ROMO1 at E-boxes 2, 3, and 6 by IP of nuclear PKLR or MYCN proteins 
using PKLR and MYCN antibodies in C4-2-MDVR cells (Fig. 6B and 
Supplementary Fig. S9A). We also found that the binding capacity of the 
same site was diminished after treatment of cells with JQ1 or OTX-15 
(Fig. 6B and Supplementary Fig. S9A), consistent with reductions in 
ROMO1 protein and mRNA in C4-2-MDVR cells in response to JQ1 or 
OTX-15 (Fig. 5G and H). In addition, promoter reporter assays were 
performed using DNA constructs containing a single wild-type (WT) or 
mutant (M) E-box from ROMO1 cloned into a GFP reporter plasmid 
(Fig. 6A). Notably, C4-2-MDVR and LASCPC01 cells treated with JQ1 or 
OTX-15 showed repressed reporter activity of WT E-boxes 2, 3, and 6, 
and greater repression was observed in cells harboring E-box mutants 
(Fig. 6C and Supplementary Fig. S9B). Moreover, enhancement of re-
porter activity was found in LNCaP cells treated with CSS; however, 
CSS-treated LNCaP cells treated with JQ1 or OTX-15 showed suppressed 
reporter activity of the WT E-box 2, 3, and 6 reporters relative to un-
treated cells (Supplementary Fig. S9C). We also found downregulated 
reporter activities in these E-box mutants compared to the WTs, 
regardless of CSS treatment, and greater suppression of reporter activity 
was found in these E-box mutants in the presence of JQ1 or OTX-15 
(Supplementary Fig. S9C). In summary, these data suggest a mecha-
nism by which the nuclear PKLR/MYCN complex may directly interact 
with ROMO1 promoter by binding to E-boxes 2, 3, and 6, to enhance 
ROMO1 transcription in PCa after ADT or NED progression. 

Fig. 3. Activated ROMO1 mediates neuroendocrine (NE) differentiation and mitochondrial function of prostate cancer (PCa) cells. 
(A) Relative mRNA levels of ROMO1, NE (SYP, CHGA, and ENO2) markers, and stem cell (SOX2 and NANOG) markers in LNCaP cells stably expressing an empty 
vector (EV) or ROMO1 cDNA vector by an RT-qPCR. * vs. the EV. (B) Relative protein levels of ROMO1, ENO2, CHGA, and SOX2 in LNCaP cells stably expressing the 
EV or ROMO1 cDNA vector by WB. (C and D) Cell proliferation (C) and three-dimensional sphere-formation (D) assays of LNCaP cells stably expressing the EV or 
ROMO1 cDNA vector for 6 days. n = 8 per group. * vs. the EV. Scale bars (D) represent 20 μm. (E) Relative mitochondrial membrane potential (MMP) of LNCaP cells 
stably expressing the EV or ROMO1 cDNA vector. Cells were stained with DiOC2(3)-FTIC, and then analyzed for changes in their fluorescent profile by flow 
cytometry. Results of the quantitative analysis of DiOC2(3)-FTIC staining are shown as the relative median fluorescence intensity (MFI). * vs. the EV. (F and G) 
Relative mtDNA contents (F) and cellular ATP levels (G) in LNCaP cells stably expressing the EV or ROMO1 cDNA vector. * vs. the EV. (H) Relative mRNA levels of 
ROMO1, NE, and stem cell markers in PC3 cells stably expressing the non-targeting control (NC) or ROMO1 shRNA vector by an RT-qPCR. * vs. the NC. (I) Relative 
protein levels of ROMO1, ENO2, CHGA, and SOX2 in PC3 cells stably expressing the NC or ROMO1 shRNA vector by WB. (J and K) Cell proliferation (J) and three- 
dimensional sphere-formation (K) assays in PC3 cells stably expressing the NC or ROMO1 shRNA vector for 6 days. n = 8 per group. * vs. the NC. Scale bars (K) 
represent 20 μm. (L and M) Relative mtDNA contents (L) and cellular ATP levels (M) in PC3 cells stably expressing the NC or ROMO1 shRNA vector. * vs. the NC. (N) 
Relative MMP in PC3 cells stably expressing the NC or ROMO1 shRNA vector. * vs. the NC. (O and P) Oxygen consumption rate (OCR) measurements of LNCaP cells 
stably expressing the EV or ROMO1 cDNA vector (O) or PC3 cells stably expressing the NC or ROMO1 shRNA vector (P) following sequential addition of inhibitors of 
mitochondrial function. n = 3 per group. * vs. the EV (O) or the NC (P). Data from relative mRNA expression, proliferation, migration, invasion through Matrigel 
assays, mtDNA contents, cellular ATP levels, MFIs of FTIC, and OCR measurements are presented as the mean ± SEM of three independent experiments. *p < 0.05, 
**p < 0.01, and ***p < 0.001, by a one-way ANOVA. 
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To explore the relationship of upregulation of the nuclear PKLR/ 
MYCN/MAX complex in PCa cells after ADT, which involves enhance-
ment of NED, we examined the abundance of NE markers in C4-2-MDVR 
and CSS-treated LNCaP cells following JQ1 or OTX-15 treatment. 
Significantly, we found that the abundance of NE marker (CHGA, SYP, 
and ENO2) mRNAs and proteins was upregulated in cells after ADT 
compared to untreated cells; however, ADT-treated cells treated with 
JQ1 or OTX-15 exhibited reduced NE marker abundance (Fig. 6D and 
Supplementary Figs. S10A–B). Consistently, we also observed reduced 
abundance of CHGA, SYP, and ENO2 mRNAs and proteins in LASCPC01 
cells treated with JQ1 or OTX-15 (Supplementary Figs. S10C–D). These 
data suggest that targeting the PKLR/MYCN/MAX complex may sup-
press ADT-driven NED progression in PCa. Next, we searched the reg-
ulatory regions of CHGA, SYP, and ENO2 for sequences resembling 
putative E-boxes and identified multiple candidate E-boxes in the reg-
ulatory sequences of these genes by a ChIP-Seq analysis using the same 
ChIP-Seq data (GSM1711858 and GSM2915909) downloaded from GEO 
(Supplementary Figs. S8B–D). We searched for sequences resembling the 
E-box in the putative CHGA, SYP, and ENO2 regulatory sequence re-
gions, and respectively identified five, four, and three putative E-boxes 
in CHGA, SYP, and ENO2 regulatory sequences (Fig. 6E). To determine 
whether the PKLR/MYCN complex directly binds to CHGA, SYP, and 
ENO2 in ADT-resistant PCa cells, ChIP assays were performed by IP of 
nuclear PKLR or MYCN proteins using PKLR and MYCN antibodies from 
nuclear extracts of C4-2-MDVR cells treated with JQ1 or OTX-15. We 
found significant binding of nuclear PKLR or MYCN to the regulatory 
sequences of CHGA, SYP, and ENO2 at E-boxes 2, 3, and 5 of CHGA, E- 
boxes 2 and 3 of SYP, and E-boxes 2 and 3 of ENO2 (Fig. 6F–H and 
Supplementary Figs. S10E–G). However, nuclear PKLR- or MYCN- 
binding signals were reduced in putative E-boxes of CHGA, SYP, and 
ENO2 in cells after JQ1 or OTX-15 treatment (Fig. 6F–H and Supple-
mentary Figs. S10E–G). Promoter reporter assays were performed using 
DNA constructs containing a single WT or M E-box of CHGA, SYP, and 
ENO2 regulatory sequences cloned into a GFP reporter plasmid (Fig. 6E). 
JQ1-or OTX-15-treated C4-2-MDVR cells showed significantly repressed 
reporter activities of the putative WT E-boxes of CHGA (E-boxes 2, 3, 
and 5), SYP (E-boxes 2 and 3), and ENO2 (E-boxes 2 and 3) relative to 
untreated cells, and greater repressed reporter activity was observed in 
E-box mutants in cells treated with JQ1 or OTX-15 (Fig. 6I–K). These 
data suggest that the nuclear PKLR/MYCN complex may promote 
expression of NE markers by directly binding to E-boxes of CHGA, SYP, 
and ENO2, leading to NED of PCa after ADT. 

3.7. Pharmacological targeting of nuclear PKLR/MYCN may be a 
possible therapeutic strategy for ADT-resistant or NE-like PCa 

BET inhibitors were shown to be possible MYCN inhibitors [33,34]. 

Our findings suggest that BET inhibitors, such as JQ1 or OTX-15, can 
effectively inhibit PKLR/MYCN-driven ROMO1 function and may pre-
vent PCa cells undergoing NED. We further examined the effects of BET 
inhibitors which in vivo targeted PKLR/MYCN/ROMO1 signaling in 
NEPC-like LASCPC01 cells (Fig. 7A). Notably, mice bearing LASCPC01 
cells exhibited inhibition of tumor growth and tumor weights when 
treated with JQ1 compared to control mice (Fig. 7B–D). IHC staining 
showed that downregulation of PKLR protein in cells was associated 
with reduced abundance of MYCN, ROMO1, ENO2, and KI67 proteins in 
LASCPC01-injected mice treated with JQ1 compared to control mice 
(Fig. 7E and F). These results suggest that targeting the PKLR/MYCN 
complex might be a promising therapeutic strategy for inhibiting pro-
gression of NE-like PCa. A diagnosis of NEPC mainly depends on char-
acteristic histomorphologic features such as small-cell carcinoma and 
large-cell NE carcinoma, and not on CHGA or SYP expression as detec-
ted by IHC alone [40]. However, combined abundance of CHGA in 
serum and PCa tissues were shown to be correlated with the tumor stage 
and resistance to ADT [52]. The serum ROMO1 protein abundance was 
shown to be a potential diagnostic marker for lung cancer [53]; how-
ever, whether serum ROMO1 can be used as a prognostic biomarker in 
metastatic PCa patients remains unknown. We collected serum samples 
of PCa patients from Taipei Medical University-Wan Fang Hospital to 
measure serum ROMO1 protein abundance using a human ROMO1 
ELISA kit. Results showed that serum ROMO1 concentrations were 
higher in metastatic PCa samples than in primary PCa or normal samples 
(Fig. 7G). Next, we performed IHC staining of PKLR, ROMO1, and SYP 
protein abundance in selected cases of each tissue and found that PKLR 
abundance was correlated with ROMO1 and SYP stimulation in meta-
static PCa patients compared to primary PCa or normal samples 
(Fig. 7H). These data suggest that the serum ROMO1 abundance may be 
associated with PCa metastasis and NED progression. Taken together, 
our results provide a mechanism for ADT-induced nuclear translocation 
of PKLR, which interacts with the MYCN/MAX complex and leads to 
upregulation of ROMO1 and NE markers to change mitochondrial 
function and NED in PCa (Fig. 7I). We addressed the potential thera-
peutic and prognostic value of current AR signaling strategies by tar-
geting the nuclear PKLR/MYCN complex and demonstrated that the 
serum ROMO1 abundance may be associated with the development of 
advanced PCa. 

4. Discussion 

A diagnosis of CRPC is based on a consecutive increase in prostate- 
specific antigen (PSA) levels and tumor growth under androgen- 
deprivation conditions [5]. There are no approved biomarkers for 
diagnosing the ARlow/- CRPC or NEPC subtypes, exacerbating the diffi-
culty of early detection. We found an increased abundance of ROMO1 in 

Fig. 4. Androgen-deprivation therapy (ADT) upregulates PKLR/ROMO1 involved in neuroendocrine (NE) differentiation of prostate cancer (PCa). 
(A) IHC staining with antibodies specific for PKLR and ROMO1 in a PCa TMA (CA4, n = 40) with different Gleason scores. Scale bars represent 100 μm. (B) Cor-
relation analysis of the intensities of PKLR and ROMO1 of a PCa TMA from (A). R, correlation coefficient; p, two-tailed p value. Significance was determined by 
correlation XY analyses using GraphPad Prism. (C and D) Analysis of PKLR and ROMO1 expression associated with different grades in clinical PCa samples from (A). 
The intensity of PKLR (C) and ROMO1 (D) staining was semiquantitatively scored as negative, weakly positive, moderately positive, and strongly positive. p values 
were calculated by a Chi-squared test. (E) Mean levels of ROMO1 mRNA of normal (n = 28), primary (n = 98), and metastatic (n = 13) human prostate samples from 
the GSE21036 PCa dataset. * vs. normal tissues. *p < 0.05, ***p < 0.001, and ****p < 0.0001 by Student’s t-test. (F) Kaplan-Meier analyses of ROMO1 alterations in 
the GSE21036 PCa dataset. Significance was determined by a log-rank (Mantel-Cox) test. (G) Mean expression of ROMO1 in paired PCa samples pre- and post-ADT 
from the GSE48403 PCa dataset. * vs. pre-ADT. *p < 0.05 by Student’s t-test. (H) Relative mRNA levels of PKLR, ROMO1, NE, stem cell markers, and AR in LNCaP 
cells after treatment with CSS-containing medium for 1–3 weeks followed by treatment with 10 nM DHT in week 3 for 1 day. * vs. CSS (0 weeks); # vs. CSS (3 weeks). 
(I) Relative mRNA levels of PKLR, ROMO1, NE, stem cell markers, and AR in C4-2 cells after treatment with MDV3100 for 2–6 months. * vs. the DMSO control. Data 
from relative mRNA levels are the mean ± SEM of three independent experiments. *p < 0.05, **p < 0.01 and ***p < 0.001 by a two-way ANOVA. (J and K) Protein 
levels of PKLR, ROMO1, CHGA, ENO2, and AR in LNCaP cells stably expressing the non-targeting control (NC) or ROMO1 shRNA vector after treatment with CSS- 
containing medium for 1 week (J) or C4-2-MDVR cells stably expressing the NC or ROMO1 shRNA vector (K) by WB. (L) GSEA of TCGA PCa dataset revealed 
significant correlations between higher PKLR and ROMO1 expression in PCa tissues with a gene signature responsive to NEPC. NES, normalized enrichment score; 
FDR, false discovery rate. (M) Comparison of mean expression of ROMO1 mRNA between patients with an adenocarcinoma and patients with NEPC in the Beltran 
PCa database. *p < 0.05 by Student’s t-test. (N) GSEA of TCGA PCa dataset showing that higher ROMO1 expression in PCa tissues was positively correlated with 
neuronal development (top) and negatively correlated with androgen-responsive (bottom) gene signatures. 
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Fig. 5. Androgen-deprivation therapy (ADT) induces PKLR nuclear translocation where it may interact with the MYCN/MAX complex. 
(A and B) IHC staining and relative intensities of nuclear PKLR and cytoplasmic ROMO1 of prostate cancer (PCa) patients pre- and post-ADT treatment collected from 
Taipei Medical University-Wan Fang Hospital (Taipei, Taiwan). Scale bars represent 100 μm. n = 17. p values were calculated using a one-way ANOVA by correlation 
XY analyses in GraphPad Prism. (C and D) Relative protein (C) and mRNA (D) levels of PKLR, ROMO1, MYC, MYCN, and MAX in parental C4-2 or C4-2-MDVR cells 
transiently transfected with a non-targeting control (NC), or MYC or MYCN SMARTpool siRNA by WB (C) or an RT-qPCR (D). * vs. parental C4-2/+siNC cells; # vs. 
C4-2-MDVR/+siNC cells. (E) Relative protein levels of PKLR, ROMO1, MYC, MYCN, and MAX in LASCPC01 cells following transient transfection with the NC or MYC 
or MYCN SMARTpool siRNA by WB. (F) Protein levels of PKLR, ROMO1, MYCN, and MAX in LASCPC01 cells treated with 0, 1, 5, 10, and 30 μM of JQ1 (left) or OTX- 
15 (right) for 24 h by WB. (G and H) Relative mRNA (G) and protein (H) levels of PKLR, ROMO1, MYCN, and MAX in parental C4-2 or C4-2-MDVR cells treated with 
30 μM JQ1 or 30 μM OTX-15 for 24 h by an RT-qPCR (G) or WB (H). * vs. LNCaP/-CSS/+DMSO; # vs. LNCaP/+CSS/+DMSO. Data from relative mRNA levels are the 
mean ± SEM of three independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001 by a two-way ANOVA. (I) IP of IgG, PKLR (left), and MYCN (right) and WB 
of PKLR, MYCN, and MAX proteins in nuclear extracts of LASCPC01 cells transiently transfected with the NC or MYC or MYCN SMARTpool siRNA. (J) IP of IgG, PKLR 
(left), and MYCN (right) and WB of PKLR, MYCN, and MAX proteins in nuclear extracts of LASCPC01 cells treated with 30 μM JQ1 or 30 μM OTX-15 for 24 h. (K) IP of 
IgG, PKLR (left), and MYCN (right) and WB of PKLR, MYCN, and MAX proteins in nuclear extracts of parental C4-2 cells or C4-2-MDVR cells treated with 30 μM JQ1 
or 30 μM OTX-15 for 24 h. 
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Fig. 6. The nuclear PKLR/MYCN complex may bind and activate regulatory sequences of ROMO1, CHGA, SYP, and ENO2 in prostate cancer (PCa) cells after 
androgen-deprivation therapy (ADT). 
(A) Schematic of the predicted E-box in the regulatory sequence of the human ROMO1 gene (top). Wild-type (WT) and mutant (M) sequences of predicted E-boxes of 
the human ROMO1 gene (bottom). (B) Chromatin immunoprecipitation (ChIP) assay showing binding of nuclear PKLR and MYCN to predicted E-boxes of ROMO1 
gene regulatory sequences following treatment of C4-2-MDVR cells with 30 μM JQ1 for 24 h. Sheared chromatin from nuclear extracts was precipitated with an-
tibodies to PKLR and MYCN, and predictive primers for E-boxes (A) were used to quantify the precipitated DNA by a qPCR. Enrichment of each protein to each site is 
given as a percentage of the total input and then normalized to IgG. * vs. E-box 1; # vs. DMSO. (C) Promoter reporter assay of WT or M E-boxes in ROMO1 gene 
regulatory sequences in parental C4-2 or C4-2-MDVR cells which were further treated with 30 μM JQ1 or 30 μM OTX-15 for 24 h * vs. DMSO; # vs. the WT. (D) 
Relative mRNA (left) and protein (right) levels of CHGA, SYP, and ENO2 in parental C4-2 or C4-2-MDVR cells which were further treated with 30 μM JQ1 or 30 μM 
OTX-15 for 24 h by an RT-qPCR (left) or WB (right). * vs. parental C4-2; # vs. C4-2-MDVR/+DMSO. (E) Schematic of predicted E-boxes in the regulatory sequences of 
the human CHGA, SYP, and ENO2 genes (left). WT and M sequences of predicted E-boxes of the human CHGA, SYP, and ENO2 genes (right). (F–H) ChIP assay 
showing binding of nuclear PKLR and MYCN to regulatory sequences of the predicted E-boxes of CHGA (F), SYP (G), and ENO2 (H) genes following treatment of C4-2- 
MDVR cells with 30 μM JQ1 or 30 μM OTX-15 for 24 h * vs. E-box 1; # vs. DMSO. (I–K) Promoter reporter assay of WT or M E-boxes of regulatory sequences of CHGA 
(I), SYP (J), and ENO2 (K) genes in C4-2-MDVR cells following 30 μM JQ1 or 30 μM OTX-15 treatment for 24 h * vs. DMSO; # vs. the WT. Data from relative ChIP 
enrichment, mRNA levels, and mean fluorescent intensities (MFIs) of GFP are presented as the mean ± SEM of three independent experiments. *p < 0.05, **p < 0.01, 
and ***p < 0.001 by a two-way ANOVA. 
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the serum of patients with metastatic PCa, which correlated with 
increased expression of ROMO1 and NE markers in PCa tissues from the 
same patients, suggesting that serum ROMO1 measurements may be 
associated with metastasis or NED of PCa. Recent treatment of advanced 
PCa uses MDV3100 combined with radiotherapy or non-specific 
chemotherapeutic drugs, such as docetaxel or cabazitaxel, but this is 
unable to effectively eradicate NEPC progression [54]. Hence, identi-
fying a promising targeted therapy for NEPC could improve the thera-
peutic efficacy and reduce the use of toxic chemotherapeutic regimens. 
Our study revealed the role of PKLR/MYCN/ROMO1 signaling in pro-
moting NEPC progression and its contribution to mitochondrial 
dysfunction. We showed that targeting the nuclear PKLR/MYCN com-
plex with BET inhibitors has the potential to be useful against 
ADT-resistant PCa and NEPC. 

Alterations in glucose metabolism frequently occur during PCa pro-
gression and modulate intracellular ROS levels [14,15]. ROMO1 is a 
ROS sensor located in the inner membrane of mitochondria [31]. 
ROMO1 modulates tumor growth and metastasis by augmenting cyto-
solic ROS levels [55]. ROMO1 overexpression in various cancers, 
including non-small cell lung cancer, gastric cancer, gliomas, and 
colorectal cancer, was correlated with poor prognoses [39,56–58]. 
Although ROMO1 is considered a prognostic gene for PCa diagnosis and 
prognosis using bioinformatic analytical methods [59], the role and 
regulatory mechanisms of ROMO1 in mediating androgen-independent 
metabolic reprogramming of PCa remain unclear. Our study aimed to 
explore ADT-induced metabolic reprogramming of PCa and the impact 
of ROMO1 on the progression of therapy-induced NEPC. Our findings 
suggest that ADT increases the nuclear translocation of PKLR, which 

Fig. 7. PKLR/MYCN/ROMO1 is a potent therapeutic target for advanced neuroendocrine (NE)-like prostate cancer (PCa). 
(A) Male nude mice subcutaneously injected with LASCPC01 cells were treated in a double-blinded manner with DMSO or JQ1 after 2 weeks of tumor formation, 
twice a week for a total of 5 weeks. (B–D) Analysis and images of subcutaneous tumor growth in mice inoculated with LASCPC01 cells and treated with DMSO or JQ1 
(30 mg/kg). n = 10/per group. The tumor volume (B) was monitored weekly, and images (C) and tumor weights (D) were obtained at the end of the experiment. * vs. 
DMSO. **p < 0.01, and ***p < 0.001 by a one-way ANOVA. (E and F) IHC staining (E) and relative intensities (F) of PKLR, MYCN, ROMO1, ENO2, and KI67 in 
subcutaneous tumors from (C). * vs. DMSO. *p < 0.05, **p < 0.01, and ***p < 0.001 by a one-way ANOVA. Scale bars (E) represent 100 μm. (G) Concentration of 
ROMO1 in human serum from normal donors (n = 27), primary PCa patients (n = 22), and metastatic PCa patients (n = 19) collected from Taipei Medical University- 
Wan Fang Hospital. * vs. normal; # vs. primary PCa. (H) IHC staining of samples from normal, primary PCa patients, and metastatic PCa patients collected from (G) 
for PKLR, ROMO1, and SYP examination. Scale bars represent 100 μm. (I) Proposed model for ADT-induced nuclear translocation of PKLR which interacts with the 
MYCN/MAX complex and leads to increased abundance of ROMO1 and NE markers, resulting in altered mitochondrial function and NE differentiation in PCa. 

W.-Y. Chen et al.                                                                                                                                                                                                                               



Redox Biology 62 (2023) 102686

16

interacts with MYCN/MAX and upregulates ROMO1-driven altered 
mitochondrial function associated with aggressive or NE-like features of 
PCa. We also found that ROMO1 abundance in serum was significantly 
associated with PKLR and NE marker expression in metastatic PCa pa-
tients compared to primary PCa or normal samples. This result suggests 
that ROMO1 serum abundance may be associated with the development 
of advanced NE-like PCa. 

Alteration of mitochondrial function was proven to be an activator of 
resistance to AR antagonists and numerous chemotherapeutic drugs in 
PCa [14,15] However, the mechanism underlying 
androgen-independent or NE-like PCa development caused by 
ADT-mediated oxidative stress remains unclear. Although upstream 
regulators of ROMO1, including Bcl-xL, DKK-1, and the long non-coding 
RNA, LINC00319, were demonstrated in bladder and lung cancer cells 
[60–62], the mechanism that promotes ROMO1 expression in PCa is 
unclear. Our study found significant correlations between ROMO1 and 
NE-related gene upregulation in PCa after ADT, which may have been 
caused by the nuclear translocation of PKLR and its interaction with the 
MYCN/MAX complex to promote ROMO1 and NE marker expression. 
Importantly, we found that this interaction decreased after treatment 
with a putative MYCN inhibitor. These data suggest that PKLR may also 
act as a transcription cofactor of MYCN, in addition to acting as a kinase, 
similar to PKM2, which acts as a transcription cofactor to activate 
hypoxia-inducible factor-1A (HIF1A) to promote castration resistance 
[22]. Our results showed that regulatory sequences of ROMO1, CHGA, 
SYP, and ENO2 genes have putative MYCN-responsive elements and 
illustrated the molecular mechanisms by which nuclear PKLR cross-talks 
with the MYCN/MAX pathway to upregulate ROMO1 and NE marker 
expression. 

PKLR is a glycolytic enzyme that promotes the progression and 
metastasis of breast, colorectal, and pancreatic cancers [23,63,64]. Our 
recent study showed that loss of the androgen-responsive transcription 
factor, ZBTB10, may enhance PKLR upregulation [26]. We demon-
strated that overexpression of ZBTB10 can suppress the expression and 
oncogenic effects of PKLR by directly binding to the PKLR regulatory 
sequence [26]. Herein, we showed a role for nuclear PKLR in PCa after 
ADT, and we verified that the nuclear PKLR-associated MYCN/MAX 
complex not only activates ROMO1-driven mitochondrial dysfunction, 
but also upregulates NE-related gene expression to promote NED pro-
gression. We provided evidence that ADT induces the accumulation of 
PKLR, which may act as a transcriptional coactivator of the nuclear 
MYCN/MAX complex to promote ROMO1 expression, thereby driving 
altered mitochondrial function in PCa cells. The MYC/MAX protein 
complex was shown to consist of multiple basic helix-loop-helix leucine 
zipper domain-containing regulators that induce translocation of tran-
scriptional regulators from the nucleus to the cytoplasm following stress 
signals [44]. We hypothesized that the induction of AR-repressed tran-
scriptional networks by the NED or ADT-resistant microenvironment in 
PCa cells might drive stress signals to enhance the accumulation of the 
MYCN/MAX/PKLR complex in the nucleus. Although ADT was shown to 
induce oxidative stress in PCa and trigger castration resistance [14,15], 
a missing link between ADT-induced nuclear translocation of PKLR and 
NEPC development still exists. The stress signals in PCa cells after ADT 
or NED progression that drive nuclear translocation of PKLR remain 
unclear. 

NED is a highly complex process due to the heterogeneity of the 
prostate and the interplay between different factors in the development 
of NEPC [45]. The arising of basal cells to form de novo NEPC was proven 
by Lee et al. through lineage tracing experiments [65]. Interestingly ADT 
treatment is considered the driving factor inducing NEPC development 
in which inhibited AR signaling triggers clonal evolution of 
AR-independent NE and basal cells over AR-dependent subgroups [66]. 
The transdifferentiation of adenocarcinoma cells to NE cells is driven by 
different signaling molecules [7–10]. Upregulated NE markers (ENO2, 
CHGA, and SYP) are a sign of NED in PCa cells [45]. Our results 
demonstrated that stimulated PKLR levels associated with NE markers 

were enriched in AR-negative PC3, NEPC-like LASCPC01, and 
MDV3100-resistant C4-2 cell lines. Upregulated PKLR is then trans-
located into the nucleus, where it may complex with MYCN and act as a 
transcription factor for ROMO1 and NE markers. Accumulating ROMO1 
in PCa cells enhances mitochondrial dysfunction, thereby supporting 
cell viability in nutrient depletion of the tumor microenvironment. 
Increased PKLR upregulates expression of NE markers through the direct 
binding of the PKLR/MYCN complex to E-boxes of CHGA, SYP, and 
ENO2. Upregulation of PKLR/MYCN/ROMO1 signaling may play an 
important role in regulating the viability of NE-like cells and inducing 
NED in PCa. 
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