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Abstract
Background  Dihydroorotate dehydrogenase (DHODH) is a mitochondrial enzyme that connects de novo pyrimidine 
biosynthesis with the electron transport chain (ETC) function. However, its broader role in prostate cancer (PCa) 
signaling and response to therapy remains unclear.

Methods  We combined transcriptomic, metabolomic, epigenomic, and functional analyses with clinical outcome 
data to explore the effects of DHODH depletion in ancestry-annotated European American (EA) and African American 
(AA) prostate cancer cell line models.

Results  DHODH was markedly overexpressed in malignant prostate epithelial cells and was abundant in tumors. 
Its knockdown hindered cell proliferation by causing pyrimidine depletion, while unexpectedly increasing oxidative 
phosphorylation, ETC complex activity through metabolic stress–driven mitochondrial biogenesis. This also led to 
oxidative stress due to an imbalance in NADP⁺/NADPH. Metabolomics indicated enhanced one-carbon metabolism 
and increased overall DNA methylation. Whole-genome bisulfite sequencing of DHODH KD cells identified regions 
with differential methylation in genes related to epithelial–mesenchymal transition (EMT) and inflammatory signaling. 
Functionally, the loss of DHODH decreased cell migration and metastasis and downregulated genes involved in 
nucleotide excision repair, mismatch repair, and base excision repair.
Additionally, it upregulated a subset of Y-family DNA polymerases, which facilitate error-prone lesion bypass. 
This was associated with more unrepaired DNA damage and, paradoxically, higher clonogenic survival under 
genotoxic stress. Clinically, low DHODH expression was linked to shorter biochemical recurrence–free survival after 
radiotherapy combined with androgen deprivation therapy.
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Introduction
Prostate cancer (PCa) is the most common non-skin 
malignancy in men worldwide. It is marked by significant 
racial disparities, with African American (AA) men expe-
riencing both a higher incidence and more than twice the 
mortality rate of European American (EA) men [1, 2]. 
While socioeconomic factors and access-to-care issues 
contribute to these differences, increasing evidence sug-
gests that inherent molecular and metabolic differences 
drive the aggressive clinical behavior seen in AA prostate 
tumors [3–8]. Understanding these tumor-intrinsic fac-
tors is crucial for developing targeted interventions to 
reduce this survival gap [9].

One emerging hallmark of aggressive PCa is dysregu-
lated nucleotide metabolism, which promotes unchecked 
cell growth and damages genomic stability. Recent stud-
ies, including those from our lab, have shown increased 
uracil misincorporation and higher levels of pyrimidine 
base damage in clinical samples from AA patients, sug-
gesting that abnormal de novo pyrimidine biosynthesis 
and faulty DNA repair contribute to tumor development 
[4, 10]. However, the specific metabolic enzymes involved 
in these disruptions and their role in PCa have not been 
thoroughly examined.

Dihydroorotate dehydrogenase (DHODH) plays a key 
role in nucleotide metabolism as the rate-limiting mito-
chondrial enzyme involved in de novo pyrimidine syn-
thesis. It catalyzes the oxidation of dihydroorotate to 
orotate and transfers electrons to the respiratory chain 
[11]. In addition to its traditional function in nucleotide 
production, DHODH is linked to broader mitochondrial 
activities—regulating redox balance, supporting one-car-
bon metabolism, and modulating epigenetic landscapes 
by regulating S-adenosylmethionine pools [12, 13]. 
Increased DHODH levels have been observed in vari-
ous cancers, where it helps meet biosynthetic needs and 
enhances cell survival under metabolic stress [14]. High 
DHODH expression leads to increased cell proliferation 
and impacts Androgen synthesis in prostate cells [15].

Using combined transcriptomics, methylation sequenc-
ing, and metabolomics analyses, along with genetic dis-
ruption of DHODH in various ancestry-defined PCa 
cell line models, we demonstrate that DHODH regu-
lates mitochondrial bioenergetics, folate-based one-
carbon metabolism, DNA methylation capacity, and the 

accuracy of base excision repair. Functional assays dem-
onstrate that DHODH promotes tumor cell prolifera-
tion, migration, and metastasis in vivo, with AA-derived 
models exhibiting a heightened dependence on DHODH 
activity. These results establish DHODH as a key regula-
tor of metabolism, the epigenome, and genomic stability 
in PCa, positioning it as a potential therapeutic target 
whose inhibition might effectively counteract aggressive 
disease. Furthermore, combining DHODH inhibitors 
with standard-of-care regimens may potentiate therapeu-
tic efficacy in patients with PCa.

Materials and methods
The cancer genome atlas (TCGA) and bulk RNA dataset 
analysis
TCGA Gene expression data acquisition and prepro-
cessing for prostate adenocarcinoma (PRAD) samples 
and their clinical information were obtained from the 
Broad Institute’s Firebrowse (http://firebrowse.org) [16]. 
A total of 546 patient sample TPM values were obtained 
and transformed to log2(TPM + 1) to stabilize variance 
across the dynamic range. The associated clinical meta-
data included 494 tumor samples and 52 normal prostate 
tissue samples. Additional clinical variables, such as race 
(African American and European American), were also 
included in this study for comparative analysis.

In addition to the TCGA-PRAD dataset, gene expres-
sion profiles were also obtained from the Gene Expres-
sion Omnibus (GEO), specifically from the GSE70768 
dataset, which includes both tumor and normal prostate 
tissue samples [17]. This dataset also provides detailed 
clinical information, including tumor cellularity percent-
ages for each patient. To enhance the analysis of tumor 
composition and its relationship with gene expression, 
tumor percentage data were incorporated from the 
GSE70768, GSE17951 [18], and GSE8218 [19] datas-
ets. GSE116918 was used to study the effect of radiation 
therapy on the DHODH expression in Prostate Cancer 
patients [20]. Code for reproducing and analyzing bulk 
RNA-seq data is available on GitHub: ​h​t​t​p​​s​:​/​​/​g​i​t​​h​u​​b​.​c​​
o​m​/​​v​e​n​u​​8​8​​7​/​D​​H​O​D​​H​_​P​r​​o​s​​t​a​t​e​_​C​a​n​c​e​r. We used the 
Wilcoxon test to compare the two groups and assess sta-
tistical significance in the dataset, and the Pearson cor-
relation test to evaluate the strength and significance 
(p-value < 0.05) of correlations between variables.

Conclusions  DHODH functions as a crucial regulator of metabolism, epigenetics, and genomics in prostate cancer, 
coordinating mitochondrial respiration, one-carbon metabolism, and DNA repair signaling to promote tumor growth 
and improve treatment outcomes. Its absence introduces vulnerabilities in genome stability, supporting the idea of 
combining DHODH inhibitors with DNA repair–targeted therapies for the treatment of prostate cancer.

Keywords  DHODH, Prostate adenocarcinoma, Mitochondria, Methylation, DNA repair
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 Single cell RNA-sequencing (scRNAseq) transcriptomic 
analysis
Raw single-cell RNA sequencing data for the GSE141445 
dataset were downloaded from the Gene Expres-
sion Omnibus (GEO) [21]. The raw count matrix was 
imported into R and organized with genes as rows and 
cell barcodes as columns. A Seurat object was created 
after applying initial quality filters: genes expressed in 
fewer than three cells (“min.cells” = 3) were excluded, and 
cells with fewer than fifty detected genes (“min.features” 
= 50) were removed. Cell barcode suffixes were parsed to 
assign sample identities, which were stored as metadata 
for downstream integration.

Quality control was performed to ensure that only high-
quality cells were retained. The percentage of mitochon-
drial transcripts per cell was calculated using the pattern 
“MT”. Cells with fewer than fifty detected genes or more 
than 5% mitochondrial gene expression (“percent.mt” > 
5) were discarded, as such profiles are associated with 
low-quality or dying cells. Each sample was normalized 
independently, and variable features were identified with 
the variance-stabilizing transformation method (“selec-
tion.method” = “vst”), keeping the top 2,000 most vari-
able genes (“nfeatures” = 2000) per sample. To correct for 
inter-sample variation, Seurat’s anchor-based integration 
workflow was applied. Integration anchors were identi-
fied across samples using canonical correlation analysis 
(CCA), with the top 100 dimensions (“dims” = 1:100) 
used to capture shared sources of variation. Integration 
was then performed with “IntegrateData()”, generating a 
batch-corrected expression matrix. The integrated Seurat 
object was saved to preserve reproducibility.

The integrated dataset was scaled and subjected to 
dimensionality reduction. Principal component analy-
sis (PCA) was first performed, and the first 30 Principal 
Components (PCs, “dims” = 1:30) were used to construct 
a shared nearest-neighbor graph. Clustering was car-
ried out using Seurat’s graph-based method at a resolu-
tion of 0.8. For visualization, two nonlinear embeddings 
were computed: Uniform Manifold Approximation and 
Projection (UMAP) using the first 30 PCs, and t-distrib-
uted Stochastic Neighbor Embedding (t-SNE) using the 
first 20 PCs. Cluster-specific marker genes were iden-
tified using the Wilcoxon rank-sum test, restricted to 
positive markers only (“only.pos” = TRUE). Genes were 
considered markers if they were expressed in at least 25% 
of cells within a cluster (“min.pct” = 0.25) and showed a 
log fold change greater than one (“logfc.threshold” = 1). 
Marker gene sets were compared against curated prostate 
cancer–related reference signatures from CellMarkerDB 
(​h​t​t​p​​:​/​/​​w​w​w​.​​b​i​​o​-​b​​i​g​d​​a​t​a​.​​c​e​​n​t​e​r) and published datasets.

Cluster annotation was performed through a com-
bination of enrichment analysis and manual curation. 
Enrichment scores quantified the overlap between cluster 

markers and curated signatures, with Fisher’s exact test 
used to assess enrichment significance. When database 
matches were ambiguous, canonical lineage markers 
were inspected to refine assignments. Final cluster identi-
ties included epithelial cells, T cells, B cells, plasma cells, 
NK cells, dendritic cells, monocytes, macrophages, mast 
cells, fibroblasts, endothelial cells, pericytes, and tumor 
cells.

Expression of marker genes across clusters was visu-
alized using dot plots, which show both the percentage 
of cells expressing a gene and the corresponding expres-
sion level. For targeted analysis of DHODH, normalized 
expression values were extracted from the RNA assay of 
the integrated object. To ensure robust inference, only 
cell types containing at least twenty DHODH-positive 
cells were retained. Expression distributions were dis-
played with violin plots, and pairwise Wilcoxon rank-
sum tests were conducted, comparing each cell type 
against epithelial cells as the reference population.

All intermediate objects, including the integrated 
Seurat object, cluster marker lists, annotation tables, 
and visualization outputs, were saved to maintain 
reproducibility. By combining stringent quality control, 
CCA-based integration, clustering, and marker-guided 
annotation, this pipeline enabled systematic dissection 
of the cellular composition of GSE141445. It facilitated 
the investigation of DHODH expression across the pros-
tate tumor microenvironment. Code for reproducing and 
analyzing scRNAseq data is available from GitHub:

​h​t​t​p​​s​:​/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​​v​e​n​u​​8​8​​7​/​D​​H​O​D​​H​_​P​r​​o​s​​t​a​t​e​_​C​a​n​c​e​r.

Cell culture
22RV1 and MDA-PCa-2b were used for the study. The 
MDA-PCa-2b cell line was generously provided by Dr. 
Nora Navone (MD Anderson Cancer Center), and the 
22RV1 cell line was purchased from ATCC (CRL-2505). 
Short Tandem Repeat (STR) profiling was performed on 
all cell lines at the MD Anderson Cytogenetics and Cell 
Authentication Core to confirm their authenticity. Rou-
tine mycoplasma testing was conducted using the Myco-
Alert™ detection kit (Lonza, Anaheim, CA) to ensure the 
cultures remained free of contamination. In our study, 
we used the MDA-PCa-2b and 22RV1 cell lines as rep-
resentative models for African American (AA) and 
European American (EA) PCa, respectively. These cell 
lines have been ancestry-verified in our lab and by oth-
ers [22, 23]. Both cell lines were derived from metastatic 
PCa patients, allowing us to examine the functional con-
sequences of DHODH KD. These cell lines were main-
tained as per standard procedures [8].

Lenti-viral transduction
Lentiviral vectors carrying shRNA constructs target-
ing DHODH or non-targeting control shRNA were 

http://www.bio-bigdata.center
https://github.com/venu887/DHODH_Prostate_Cancer
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purchased from Horizon Discovery, Cambridge, UK 
(VSC11709, V3SVHS02_5824977, V3SVHS02_6798774). 
Lentiviral constructs for DHODH overexpression were 
purchased from Genecopia (Cat No: I1526). The virus 
was harvested in low-passage 293T cells. For lentivi-
ral transfection, plasmid DNA was complexed using 
Lipofectamine 2000 (Thermo Fisher Scientific) accord-
ing to the manufacturer’s protocol. For infection, target 
cells were seeded in 24-well plates at approximately 50% 
confluence and incubated overnight. The following day, 
cells were transduced with 1 mL of filtered viral super-
natant mixed with 1 mL of complete medium. Polybrene 
(Sigma-Aldrich TR-1003) was added to a final concentra-
tion of 5–6  µg/mL to enhance transduction efficiency. 
Following transduction, knockdown cells were selected 
with Puromycin (Gibco™ Puromycin), and overexpression 
was selected with Geneticin (Geneticin™ G418 Sulfate). 
Transduction efficiency was confirmed by fluorescence 
microscopy, with Green Fluorescent Protein (GFP) 
expression indicating knockdown expression and Red 
Fluorescent Protein (RFP) indicating overexpression.

Quantitative real-time polymerase chain reaction
Total RNA was extracted from cultured cells using the 
Aurum™ Total RNA Mini Kit (Bio-Rad) following the 
manufacturer’s protocol. RNA concentration, purity 
(A260/A280 ratio), and cDNA conversion were per-
formed as per previously described methods [8]. Quan-
titative real-time PCR (RT-qPCR) was performed using 
SYBR™ Green PCR Master Mix (Life Technologies, Cat# 
4385614) on a real-time thermal cycler. Expression levels 
were normalized to housekeeping genes, depending on 
the experimental context. Primer sequences used in this 
study are provided below (Table 1).

Protein extraction, estimation, and Western blot
Protein extraction, estimation, and western blot were 
performed as per previously established methods [8]. 
Briefly, Cell pellets were thawed on ice and lysed in 100–
200 µL of RIPA buffer (Thermo Fisher Scientific) supple-
mented with protease and phosphatase inhibitors (1 µL 
per 100 µL buffer). Lysates were incubated on ice for 10 
min, sonicated for 30 s, cooled for an additional 5 min, 

and centrifuged at 14,500 rpm for 10 min at 4 °C. The 
supernatant was collected and stored on ice or at − 80 °C. 
Protein concentration was determined using the Pierce™ 
BCA Protein Assay Kit (Thermo Fisher Scientific) accord-
ing to the manufacturer’s instructions. Samples (30 µg) 
were separated on 4–15% Mini-PROTEAN Tris-Glycine 
gels (Bio-Rad, Cat# 4561086) at 100 V for ~ 1.5 h. Pro-
teins were transferred to PVDF membranes (Immobilon-
P, 0.45 μm; Merck Millipore) using a wet transfer system 
at 12 V for 1.5 h. Membranes were blocked with 5% BSA 
in TBST for 1 h at room temperature and incubated over-
night at 4 °C with primary antibodies against DHODH 
(Proteintech, Cat# 14877-1-AP) diluted 1:1000 in 5% 
BSA/TBST. After washing, membranes were incubated 
with HRP-conjugated secondary antibodies (1:3000) for 1 
h at room temperature. Signal detection was performed 
using a chemiluminescent substrate (Thermo Fisher Sci-
entific, Cat# 34579) and imaged with the Chemi-Doc 
System (Bio-Rad). GAPDH (Cell Signaling Technology, 
Cat# 2118) was used as a loading control. The blots were 
normalized with GAPDH and quantified using Sciugo 
(https://sciugo.com).

Treatment studies
Treatment studies were carried out by treating cel-
lines with optimal concentrations of reagents (Sigma 
U3003-5G). Briefly, cells were treated with 100µM uri-
dine. The treatment time was titrated based on the 
experimental needs. After the stipulated time, cells were 
harvested and used for experiments.

BrDU growth assay
Cell proliferation was assessed using a BrdU (5-bromo-
2’-deoxyuridine) incorporation assay, following the 
manufacturer’s protocol. Briefly, 5,000–20,000 cells were 
seeded into each well of a 96-well plate and incubated for 
24 h at 37 °C. BrdU labelling reagent was then added, and 
cells were incubated for 24 h to allow incorporation into 
newly synthesized DNA. Following incubation, cells were 
fixed, washed, and incubated with a horseradish peroxi-
dase (HRP)-conjugated anti-mouse IgG secondary anti-
body. Subsequently, peroxidase substrate was added to 
each well, and absorbance was measured at 450 nm using 
a microplate reader. Data were analyzed and visualized 
using GraphPad Prism software (version 10.4.2).

RNA sequencing and analysis
The cell pellets were washed with Phosphate Buffer 
Saline. Three million cells were harvested and counted 
per replicate. RNA extraction was performed using the 
Aurum™ Total RNA Mini Kit (Bio-Rad). Libraries were 
prepared using the ABclonal mRNA-seq Library Prep 
Kit for Illumina (poly (A) selection). RNA integrity and 
quantification were confirmed on the AATI Fragment 

Table 1  Table representing primer sequences used for the study
Gene Primer Sequence
DHODH - Forward 5’-GGAGACACCTGAAAAAGCGG-3’

DHODH - Reverse 5’-CAGAGTCGGCATCAGGTGTT-3’

TET1 - Forward 5’-CATCAGTCAAGACTTTAAGCCCT-3’

TET1 - Reverse 5’-CGGGTGGTTTAGGTTCTGTTT-3’

TET2 - Forward 5’-GATAGAACCAACCATGTTGAGGG-3’

TET2 - Reverse 5’-TGGAGCTTTGTAGCCAGAGGT-3’

MITOCHONDRIAL DNA - Forward 5’-GTCAACCTCGCTTCCCCACCCT-3’

MITOCHONDRIAL DNA - Reverse 5’-TCCTGCGAATAGGCTTCCGGCT-3’

https://sciugo.com
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Analyzer and quantitative PCR. Novogene Corpora-
tion in Sacramento performed quality assessment and 
sequencing. Sequencing was performed using Illumina 
NovaSeq X Plus (PE150). Raw RNA-seq reads were 
first processed for adapter and quality trimming using 
Trim Galore (v0.6.7) with default parameters. Trimmed 
reads were then aligned to the human reference genome 
(GRCh38/hg38) using HISAT2 (v2.2.1) with default set-
tings and the corresponding HISAT2 index built from 
the Ensembl GRCh38 primary assembly. Aligned reads 
were sorted and converted to BAM format using SAM-
tools (v1.11). Gene-level read quantification was per-
formed using featureCounts from the Subread package 
(v2.0.1), with annotation based on the Ensembl GRCh38 
GTF file. Only uniquely mapped reads were counted, and 
strand-specific counting was applied as appropriate for 
the library type. Differential gene expression analysis was 
conducted using DESeq2 (v1.38.3) in R. Raw count data 
were imported, and lowly expressed genes were filtered 
out. Counts were normalized using DESeq2’s median-
of-ratios method. Differentially expressed genes (DEGs) 
were identified based on an adjusted p-value (FDR) 
threshold of 0.05 and a log2 fold change ± 1.

Biochemical characterization of mitochondria
Electron transport chain (ETC) enzyme activities were 
measured in triplicate using the Tecan Infinite M200 
microplate reader, following established protocols [24, 
25]. Activities of individual ETC complexes and citrate 
synthase were normalized to total protein concentration. 
Enzymatic activity rates were determined by calculating 
the slope of the linear portion of the reaction curve. To 
account for mitochondrial content, ETC complex activi-
ties were further normalized to citrate synthase activity. 
Data visualization and statistical analysis were performed 
using GraphPad Prism version 10.4.2. Statistical signifi-
cance was assessed using an unpaired two-tailed t-test.

Seahorse XF mito stress assay
Mitochondrial respiration was evaluated using the Sea-
horse XF Analyzer (Agilent Technologies) according to 
the manufacturer’s protocol. Briefly, 10,000–15,000 cells 
were seeded in 100 µL of complete growth medium per 
well in an XF Cell Culture Microplate and incubated for 
24  h at 37  °C. The sensor cartridge was hydrated over-
night in XF Calibrant at 37  °C in a non-CO₂ incubator. 
On the day of the assay, cells were washed and equili-
brated with Seahorse assay medium (XF Base Medium 
supplemented with 1 mM sodium pyruvate, 2 mM gluta-
mine, and 10 mM glucose) and incubated for 45–60 min 
at 37  °C in a non-CO₂ incubator. Oligomycin (1 µM), 
FCCP (1 µM), and rotenone/antimycin A (0.5 µM) were 
prepared in assay medium and loaded into Ports A, B, 
and C, respectively. Following calibration, the assay was 

performed according to standard procedures. Data was 
normalized with protein absorbance in Wave 2.6.0. Fur-
thermore, they were analyzed using Wave software (Agi-
lent Technologies) and visualized using GraphPad Prism 
(version 10.4.2).

Reactive oxygen species (ROS) detection using ROS-Glo™ 
assay (Promega)
Cells were seeded at the desired density in a volume of 
≤ 80 µL per well into 96-well white opaque plates or 
white-walled plates with clear bottoms and were incu-
bated at 37  °C in a humidified CO₂ incubator for 24  h. 
Following incubation, 125 µM hydrogen peroxide (H₂O₂) 
was added to each well, and the plates were returned to 
the incubator for an additional 6 h. After H₂O₂ treatment, 
100 µL of freshly prepared ROS-Glo™ Detection Solu-
tion (Promega) was added to each well. Plates were then 
incubated as per the manufacturer’s recommendations, 
and luminescence was measured using a plate reader and 
visualized using GraphPad Prism software (GraphPad 
Prism version 10.4.2).

NAD+/NADH-Glo™ and NADP+/NADPH-Glo™ assay 
(Promega)
Intracellular NAD⁺/NADH and NADP+/NADPH lev-
els were measured using the Glo™ Assay kit (Promega) 
according to the manufacturer’s protocol. Briefly, cells 
were seeded in white opaque 96-well plates and incu-
bated at 37 °C in a humidified CO₂ incubator. Detection 
Reagent (Promega) was added to each well. Plates were 
gently and briefly shaken to ensure proper mixing and 
cell lysis. The plates were then incubated at room tem-
perature for 30–60  min to allow the luminescent signal 
to develop. Luminescence was measured using a plate 
reader, and data were analyzed using GraphPad Prism 
software (version 10.4.2).

Targeted mass spectrometry (LC-MS-triple quad)
Three million cells per replicate (n = 3) were harvested 
and subjected to three freeze–thaw cycles in liquid nitro-
gen for complete lysis. After adding 750 µL ice-cold 
extraction buffer [(4:1) Methanol water], samples were 
sonicated for 30  s on ice. Chilled chloroform (450 µL) 
and LC/MS-grade water (150 µL) were added, followed 
by vortexing and 5 min sonication on ice. Samples were 
incubated at − 20  °C for 20–30  min and centrifuged at 
5000  rpm for 10  min at 4  °C. The aqueous and organic 
layers were combined, and supernatants were purified 
using preconditioned Amicon Ultra filters (0.5 mL) cen-
trifuged at 15,000 rpm for 3 h at 4 °C. Filtrates were dried 
using a SpeedVac and reconstituted in 100 µL methanol: 
water (1:1, v/v), followed by vortexing, sonication (5 min), 
and centrifugation (15,000  rpm, 5  min). Supernatants 
were transferred to LC-MS vials. Metabolite profiling 
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was performed using an Agilent 6495 triple quadrupole 
LC/MS system in both ESI +/− modes. Chromatographic 
separation was employed using an Agilent SB-CN col-
umn (3 × 100  mm, 1.8  μm) with a flow rate of 0.3 mL/
min. Solvent A was water + 0.1% formic acid; Solvent B 
was acetonitrile + 0.1% formic acid. The gradient ran from 
15:85 (A: B) at 0–3 min to 98:2 at 12–16 min, returning to 
15:85 at 28 min. Key MS parameters included: delta EMV 
400  V, capillary voltage 3000  V, capillary temp 250  °C, 
sheath gas 350 °C at 12 units, and nebulizer pressure 20 
psi. QC samples (liver and pooled) were run throughout 
each batch, with blanks (50:50 methanol: water) between 
injections to monitor carryover. Data were processed 
using Agilent MassHunter software. Peak areas were nor-
malized to internal standards and log2-transformed. Sta-
tistical analysis was conducted using the R package.

Untargeted mass spectrometry
Samples for untargeted mass spectrometry were prepared 
as previously described and analyzed using a Thermo 
Scientific Vanquish Horizon UHPLC system coupled to 
a Thermo Scientific Orbitrap IQ-X Tribrid Mass Spec-
trometer [26]. Metabolite separation was performed via 
reversed-phase chromatography using HILIC, a Waters 
ACQUITY BEH Amide column. Appropriate solvent sys-
tems were used for each mode, with columns maintained 
at 50 °C, a flow rate of 300 µL/min, and 2 µL injection 
volume. Data acquisition was conducted in negative-ion-
ization modes. Raw data were processed in Compound 
Discoverer (v3.3) for peak detection and annotation, 
using mzCloud, NIST 2020, HMDB, and an in-house 
retention time-matched library. Log2-transformed peak 
areas were normalized using the IQR method, and dif-
ferential metabolites were identified based on p < 0.05. 
Metabolite set Enrichment Analysis was performed using 
www.metaboanalyst.ca [27].

Global methylation quantification
Global methylation was quantified using the Abcam 
Global DNA Methylation Assay Kit (5 Methyl Cytosine, 
Colorimetric). The methodology is described at the prod-
uct website (ab117128). Briefly, it involves DNA isolation, 
fixation, antibody reaction, and detection using calori-
metric methods.

Whole genome bisulfite sequencing and analysis
1 million cells were counted and used for Whole Genome 
Bisulfite Sequencing. Genomic DNA from the cells was 
extracted with Invitrogen™ PureLink™ Genomic DNA 
Mini Kit. Dual-indexed sequencing libraries were pre-
pared from bisulfite-converted DNA using xGen™ 
Methyl-Seq DNA Library Prep Kit (Integrated DNA 
Technologies, Inc.) at the MDACC Epigenomics Profiling 
Core.

Briefly, 100ng of genomic DNA was fragmented in a 
Bioruptor® Pico sonication device (Diagenode Inc.) to an 
average of 350 bp, followed by bisulfite conversion using 
EZ DNA Methylation-Gold Kit (Zymo Research). Library 
preparation, comprising adaptase, extension, ligation, 
and indexing PCR steps, was performed according to 
the manufacturer’s protocol. Libraries were quantified 
using Qubit 4 Fluorometer (ThermoFisher Scientific) and 
further evaluated for size and the presence of adapter-
dimers using D1000 ScreenTape in a 4200 TapeSta-
tion System (Agilent). Libraries were sequenced on an 
NovaSeq X Plus 25B instrument at Novogene Corpora-
tion, Sacramento. Whole-genome bisulfite sequencing 
(WGBS) data were processed using a standard analysis 
pipeline. Raw FASTQ files underwent quality trimming 
with TrimGalore (v0.4.3) using default parameters. The 
trimmed reads were then aligned to the reference genome 
(hg38 for human samples) using Bismark (v0.18.1) [28]. 
The resulting BAM files were sorted by query name and 
deduplicated using Picard (v0.2.10.10), followed by coor-
dinate sorting with Samtools (v1.9) [29].

Methylome extraction was performed with Bismark 
to generate coverage files from the aligned BAM files. 
These coverage files were used to construct an input 
file for DSS, containing four columns as specified in the 
DSS user manual: chromosome, CpG position, total read 
count, and number of methylated reads. Differentially 
methylated regions (DMRs) were identified using DSS 
[30], with a minimum DMR length of 50 bp and at least 
two CpG sites per region.

To functionally annotate the differentially methylated 
regions (DMRs) identified from WGBS data, we used 
the ChIPseeker package in R. DMR coordinates were 
first converted into GRanges objects using the Genomi-
cRanges package. Annotation was then performed using 
the TxDb.H. sapiens. UCSC.hg38 known Gene transcript 
database and the org.Hs.eg.db annotation package for 
gene-level information. This allowed for the mapping of 
DMRs to genomic features such as promoters, exons, 
introns, and intergenic regions, providing biological con-
text for methylation changes.

Invasion assay
Cell migration was evaluated using the MILLIPORE 
QCM™ 24-well Cell Migration Assay (ECM508, Mil-
liporeSigma). A total of 5 × 10⁴ cells were seeded in 300 
µL of serum-free medium into the upper chamber of 
the insert. The lower chamber was filled with 500 µL of 
complete medium containing serum as a chemoattrac-
tant. Plates were incubated at 37 °C in a humidified atmo-
sphere with 5% CO₂ for 4–24 h to facilitate cell migration. 
Post-incubation, non-migratory cells on the upper sur-
face of the membrane were removed by aspirating the 
medium and gently swabbing the surface with sterile 

http://www.metaboanalyst.ca
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cotton-tipped applicators. The inserts were then trans-
ferred into wells containing 400 µL of Cell Stain solution 
and incubated at room temperature for 20 min. Follow-
ing staining, inserts were rinsed thoroughly by dipping 
in distilled water. Any residual non-migratory cells were 
removed using a second sterile cotton swab, ensuring the 
polycarbonate membrane remained intact. Inserts were 
then air-dried and transferred to wells containing 200 µL 
of Extraction Buffer. The stain was extracted by gently 
rocking the inserts for 15 min at room temperature. Sub-
sequently, 100 µL of the extracted dye was transferred to 
a 96-well plate, and absorbance was measured at 560 nm 
using a microplate reader to quantify cell migration.

In Vivo study for metastasis
Twelve NSG castrated male mice (NOD.Cg-Prkdcscid 
Il2rgtm1Wjl/SzJ) were purchased from The Jackson 
Laboratory and randomly assigned into three groups 
(n = 4 per group): DHODH-NT (non-targeting control), 
DHODH-KD (DHODH knockdown), and DHODH-Res 
(DHODH rescue). Each mouse was administered 1 mil-
lion 22RV1 cells stably transduced with the respective 
constructs via intracardiac injection to assess metastatic 
dissemination in vivo. Metastasis was monitored using 
bioluminescent imaging. For imaging, 100 µL of D-lucif-
erin (10 mg/mL) was administered via retro-orbital injec-
tion, and whole-body imaging was performed using the 
IVIS system with a 1-minute exposure time. All animals 
were imaged individually to assess tumor burden and 
metastatic spread. Body weights were recorded at regular 
intervals to monitor the animals’ overall health and well-
being. Mice were euthanized five weeks post-injection, 
or earlier if a strong bioluminescent signal indicative of 
metastatic burden was detected. The bioluminescent sig-
nal was Log Transformed. At the study endpoint, tissues 
and bones were collected, and the Human Tissue Acqui-
sition and Pathology Core at Baylor College of Medicine 
evaluated metastatic lesions. The experiments and ani-
mal health assessments were conducted under the pro-
tocol approved by the Institutional Animal Care and Use 
Committee (IACUC) of Baylor College of Medicine (Pro-
tocol title: Integrative metabolomics of cancer detection 
and progression; Protocol number: AN-5676; Expiration 
date: 01/19/2029).

RADD assay
22RV1 and DHODH knockdown and rescue clones were 
seeded at 10,000 cells per well in 8-well ibidi chambers 
(ibidi GmbH, Grafelfing, Germany). Once cells reached 
60% confluency, they were fixed with 4% paraformalde-
hyde. For the MDA-PCa-2b, the NT, DHODH knock-
down, and rescue clones were grown to 70% confluency 
in a fibronectin-coated 10 cm dish. Cells were harvested 
with trypsin, resuspended in PBS, and counted. 100,000 

cells were then spin-coated onto SuperFrost Plus slides 
(Fisher 22-037-246) using a Thermo Scientific Shandon 
Cytospin 4 Benchtop Centrifuge. Slides with the cells 
were subsequently fixed in 4% paraformaldehyde. 22RV1 
and MDA-PCa-2b clones were then permeabilized with 
Biotium permeabilization buffer plus 0.05% Triton X-100 
(Biotium, Fremont, CA). DNA lesions were enzymati-
cally processed using a glycosylase/endonuclease cock-
tail for specific lesion types as previously described [1, 
2]. For broad-spectrum DNA damage detection (Full 
RADD), uracil DNA glycosylase (UDG, New England 
Biolabs (NEB), M0280), formamidopyrimidine [fapy]-
DNA glycosylase (FPG, NEB, M0240), T4 pyrimidine 
dimer glycosylase (T4PDG, NEB, M0308), human alkyl-
adenine DNA glycosylase (AAG, NEB, M0313), endonu-
clease VIII (EndoVIII, NEB, M0299), and endonuclease 
IV (EndoIV, NEB, M0304) were added to the cells. Cells 
were incubated with the lesion removal mix for 1  h at 
37 °C. Then, a gap-filling solution of Klenow exo (Thermo 
Fisher, EP0422) and digoxigenin-dUTP (Sigma Aldrich 
11093088910) was added directly to the lesion removal 
solution and incubated for an additional 1  h at 37  °C. 
Cells were then washed three times in PBS for 5 min each 
and blocked in 2% BSA (Jackson Immuno, West Grove, 
PA, USA, 001-000-162) in PBS for 30 min at room tem-
perature (RT, ~ 24  °C). After blocking, chambers are 
incubated with a primary antibody, anti-digoxigenin 
(1:250, ab420, Abcam) or an anti-mouse IgG1 isotype 
control (1:625, 5415, Cell Signaling), for 1 h at RT. IgG1 
is used as a negative control. Once the primary antibody 
has finished incubation, the cells are washed three times 
with 1X PBS and incubated with the secondary antibody, 
anti-mouse AlexaFluor 546 (1:400, Thermo Fisher), for 
1 h at RT. The cells are then incubated with Hoechst solu-
tion (1:800, Thermo Fisher) for 15 min at RT and washed 
three times with 1X PBS.

The chambers were stored in PBS, but the slides with 
the MDA-PCa-2b cells were mounted using Prolong 
Gold (Thermo Fisher). Cells are then imaged using the 
Keyence microscope with the 20X objective (NA 0.75). At 
least 30 cells from each condition in each biological rep-
licate are counted across four different fields. For analy-
sis, the Nikon Elements software created an ROI around 
the nucleus, and the total intensity for the RADD channel 
within the nucleus was recorded for at least 100 cells. The 
mean of the fluorescent intensity for all the nuclei over 
the four biological replicates was graphed in GraphPad 
Prism, and significance was calculated using an ANOVA 
with a Dunnett’s post hoc test.

Clonogenic assay
Cells were plated in a 24-well plate at densities ranging 
from 250 to 8000 cells per well. The next day, cells were 
irradiated (0, 0.5, 1.5, 2, 2.5,3, 3.5, or 4 Gy). Six to 7 days 
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later, colonies were fixed with acetic acid/methanol (1:7, 
v/v), stained with crystal violet (0.5%, w/v), and counted 
using a stereomicroscope. Platting efficiency and DBAR 
(Dose-Based Area Ratio) were tabulated with ± SD. In a 
clonogenic survival curve, D bar is the mean lethal dose, 
representing the radiation dose required to reduce the 
surviving fraction of cells to 37% (1/e) in the exponential 
portion of the curve.

Results
DHODH expression is selectively elevated in prostate 
tumor epithelium and correlates with tumor malignancy
Analysis of the Cancer Genome Atlas (TCGA) Pros-
tate Adenocarcinoma (PRAD) dataset showed a marked 
increase in DHODH mRNA levels in prostate tumor tis-
sues (n = 494) compared with benign prostate samples 
(n = 52) (p < 0.0001, Wilcoxon test) (Fig. 1A). Independent 
validation using the Gene Expression Omnibus data-
set (GSE70768) confirmed these results, indicating sig-
nificantly higher DHODH expression in prostate tumors 
(n = 125) than in matched benign tissues (n = 118), further 
supporting DHODH’s specific upregulation in malignant 
prostate tissue (Fig. 1B).

To establish a correlation between DHODH expression 
and tumor malignancy, we examined three additional 
transcriptomic datasets (GSE17951, GSE70768, and 
GSE8218). Across these independent cohorts, DHODH 
mRNA expression correlated positively with increased 
tumor cellularity, indicating preferential expression in 
regions with higher malignant content (Figs.  1C–E). 
Single-cell RNA sequencing analysis of prostate cancer 
biopsies (GSE141445; n = 14 patients) provided cell–
type–specific expression patterns, providing further evi-
dence of differential gene regulation across the tumor 
microenvironment. DHODH (dihydroorotate dehy-
drogenase) was found to be elevated in epithelial cells, 
indicating a selective enrichment of DHODH expres-
sion in the cell population within the prostate tumor 
milieu (p < 0.001, Wilcoxon test). This epithelial-specific 
overexpression suggests a potential role for DHODH in 
promoting tumor-associated epithelial cell functions or 
proliferation, thereby contributing to prostate cancer 
progression (Fig. 1F, Supplementary Figs. 1 A-D).

Notably, DHODH expression was higher in prostate 
tumors from African American (AA) patients com-
pared to their European American (EA) counterparts 
(p = 0.025, Wilcoxon test, Supplementary Fig. 1E). This 
observation should be interpreted cautiously, given the 
limited number of AA samples in the TCGA dataset and 
the scarcity of comparable datasets to validate the find-
ing. Previous in situ analyses conducted in our laboratory 
also identified higher accumulation of uracil and pyrimi-
dine lesions, indicative of DNA repair activity, in tumors 
from AA patients compared with matched benign tissues 

[4]. These findings further implicate DHODH in the 
biological disparities observed across different patient 
populations.

Together, these data suggest that DHODH is selectively 
and significantly upregulated in prostate tumor epithe-
lium, strongly associated with malignancy, and may play 
a role in the racial disparities seen in prostate cancer pro-
gression and outcomes. These findings identify DHODH 
as a promising biomarker and potential therapeutic tar-
get for prostate cancer.

Functional role of DHODH in prostate cancer cell 
proliferation through pyrimidine biosynthesis
To understand the biological importance of DHODH in 
prostate cancer, we created stable DHODH knockdown 
(KD) and overexpression (OE) models in two prostate 
cancer cell lines, 22RV1 (European American origin) and 
MDA-PCa-2b (African American origin), using lentivi-
ral transduction [23]. Successful modulation of DHODH 
expression at both the RNA and protein levels was con-
firmed by quantitative PCR and Western blotting (Figs. 
2A–F). Additionally, when compared to EA-derived 
22RV1 cells, DHODH knockdown in AA-derived MDA-
PCa-2b cells resulted in more effective protein suppres-
sion (Figs. 2B,C,E,F). Functionally, DHODH knockdown 
significantly reduced cellular proliferation, as shown 
by decreased BrdU incorporation (Figs. 2G, H). To test 
whether this effect depended on pyrimidine biosynthe-
sis, rescue experiments were performed by adding exoge-
nous uridine to DHODH-KD cells. This supplementation 
restored proliferation rates to levels similar to control 
cells (Fig. 2G), confirming DHODH’s role in supporting 
cell growth through de novo pyrimidine biosynthesis. 
Overall, these findings show that disrupting DHODH in 
prostate cancer cells impairs proliferation by decreasing 
pyrimidine biosynthesis, and this effect is reversible with 
uridine supplementation.

DHODH depletion induces paradoxical enrichment 
of oxidative phosphorylation and compensatory 
mitochondrial adaptations
Transcriptomic profiling of MDA-PCa-2b cells with non-
targeting control (NT), DHODH knockdown (KD), and 
rescue (KD2-Rescue) conditions identified significantly 
differentially expressed genes that change when DHODH 
is silenced and are restored when re-expressed (Fig. 3A). 
DHODH knockdown led to reduced expression of cell 
cycle genes, consistent with the decreased proliferation 
observed in growth assays (Fig. 3B). The significantly up-
regulated genes were associated with metabolic re-pro-
gramming, while down-regulated genes were associated 
with genomic instability (Figs. 3C, D).

DHODH functions as a vital metabolic link between 
nucleotide synthesis and mitochondrial respiration by 
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Fig. 1  Dihydroorotate Dehydrogenase (DHODH) is elevated in prostate cancer. A Dot plots showing elevated DHODH transcript levels in PCa compared 
to benign prostate tissue in the TCGA dataset [Prostate tumor tissues (n = 494), benign prostate samples (n = 52), P value using the Wilcoxon test]. B Dot 
plots showing elevated DHODH transcript levels in PCa compared to benign prostate tissue in an independent PCa data set GSE70768 [Prostate tumor 
tissues (n = 125), benign prostate samples (n = 118), P value using the Wilcoxon test. C–E Scatter plot showing a significant correlation between DHODH 
expression and the percentage of tumor in PCa across three independent datasets GSE17951, GSE70768, GSE8218 (Pearson correlation, p-value < 0.05). 
F Violin plot showing increased DHODH expression in tumor cells compared to other cell types in the tumor microenvironment in a scRNA-seq dataset 
containing 13 PCa tissues (GSE141445, P value using the Kruskal–Wallis test). Violin plots were generated using cell types with >20 DHODH-positive cells 
to ensure robust inference
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Fig. 2 (See legend on next page.)

 



Page 11 of 21Rajaratnam et al. Cell Communication and Signaling          (2026) 24:134 

transferring electrons from dihydroorotate to ubiquinone 
within the electron transport chain (ETC). Located in the 
mitochondrial inner membrane, this reaction oxidizes 
dihydroorotate to orotate and produces ubiquinol, which 
directly supplies energy to Complex III and connects new 
pyrimidine biosynthesis with oxidative phosphorylation 
(OXPHOS) [31].

Paradoxically, transcriptomic analysis showed that 
knocking down DHODH led to a significant increase 
in OXPHOS pathways, along with higher expression 
of genes linked to glycolysis, the TCA cycle, and vari-
ous ETC components, compared to both non-targeting 
controls and DHODH rescue re-expression (Figs. 4A, B; 
Supplementary Fig.  2A). This apparent boost in mito-
chondrial activity likely does not indicate improved bio-
energetic efficiency. Instead, it points to a compensatory 
response to metabolic stress. When DHODH is lost, it 
disrupts the normal connection between pyrimidine 
biosynthesis and electron transfer in the ETC, caus-
ing a redox imbalance. This imbalance drives the cell to 
increase mitochondrial respiration and other metabolic 
processes to try to maintain energy balance.

Seahorse Mito Stress analysis further confirmed that 
DHODH-deficient cells have significantly higher oxygen 
consumption rates (OCR), indicating increased mito-
chondrial respiration as a stress response (Figs.  4C–E). 
Biochemical assays also showed heightened activity in 
mitochondrial respiratory Complexes II, and III after 
DHODH knockdown (Fig.  4F), supporting the connec-
tion between DHODH loss and compensatory electron 
transport chain (ETC) activation.

Consistent with disrupted mitochondrial redox bal-
ance, DHODH knockdown increased the NADP⁺/
NADPH and NAD⁺/NADH ratios in both 22RV1 and 
MDA-PCa-2b cell lines, an effect fully reversed by 
DHODH re-expression (Figs.  4G, H; Supplementary 
Figs.  2B, C). Interestingly, the change in NAD: NADH 
ratio was more pronounced in MDA-PCa-2b AA cells 
compared to 22RV1 EA cells (Supplementary Fig.  2D). 
Moreover, cells lacking DHODH showed significantly 
higher reactive oxygen species (ROS) levels and increased 
mitochondrial DNA content (Figs.  4I, J; Supplementary 
Fig.  3), indicating oxidative stress and a compensatory 
increase in mitochondrial biogenesis.

Overall, depleting DHODH causes significant mito-
chondrial metabolic stress, disrupting redox balance and 
prompting compensatory increases in mitochondrial res-
piration, biogenesis, and metabolic flux. These adaptive 
responses highlight DHODH’s crucial role in supporting 
mitochondrial function and metabolic stability—both 
essential for the survival and progression of prostate can-
cer cells.

DHODH depletion reprograms one-carbon metabolism, 
DNA methylation, and metastatic potential in prostate 
cancer
To explore the wider metabolic effects of DHODH defi-
ciency, we conducted extensive untargeted and tar-
geted metabolomic analyses (Supplementary Fig.  4 and 
Figs.  5A–E). Global metabolomics revealed a notable 
increase in methylation-related pathways in DHODH-
deficient cells (Fig.  5A). These changes were confirmed 
by targeted mass spectrometry, which showed higher 
intracellular levels of methionine and homocyste-
ine (Figs.  5B–E), key metabolites of the one-carbon 
cycle. Since the one-carbon cycle is crucial for produc-
ing S-adenosylmethionine (SAM) for methylation pro-
cesses and supporting pyrimidine synthesis, these results 
imply a compensatory enhancement of this pathway to 
maintain vital biosynthesis when DHODH activity is 
compromised.

In line with altered methylation , DHODH knockdown 
cells showed notably higher global DNA methylation rel-
ative to controls (Figs. 5F, G). Quantitative PCR revealed 
a notable reduction in Ten-Eleven Translocation isoform 
1 and 2 (TET1 and TET2) expressions, an enzyme cru-
cial for active DNA demethylation, in DHODH-deficient 
cells (Figs.  5H, I). This likely reduces DNA demeth-
ylation activity, contributing to the observed global 
hypermethylation.

To explore effects at specific loci, whole-genome bisul-
fite sequencing (WGBS) was conducted on DHODH 
knockdown and NT control MDA-PCa-2b cells, identi-
fying distinct differentially methylated regions (DMRs) 
that span both hyper- and hypomethylated gene loci 
(Fig.  5J). Pathway enrichment analysis of hyper-methyl-
ated genes associated with these DMRs indicated signifi-
cant involvement in epithelial–mesenchymal transition 

(See figure on previous page.)
Fig. 2  Genetic knockdown of DHODH in PCa cell lines mitigates cell proliferation. A Dot plot representing mRNA expression of DHODH knockdown (KD) 
and rescue in 22RV1 cell lines [n= 6 (3 biological replicates with 2 technical replicates each), normalized by 18S expression, P value using Student's t-test]. 
B Immunoblot showing KD and rescue of DHODH in 22RV1 cells. C Quantification of the immunoblot in B normalized by GAPDH expression (n = 3 bio-
logical replicates, P value using Student's t-test). D Dot plot representing mRNA expression of DHODH of knockdown (KD) and rescue in MDA-PCa-2b cell 
lines [n = 6 (3 biological replicates with 2 technical replicates each), normalized by 18S expression, P value using Student's t-test]. E Immunoblot showing 
KD and rescue of DHODH in MDA-PCa-2b cells. F Quantification of the immunoblot in E normalized by GAPDH expression (n = 3 biological replicates, 
P value using Student's t-test). G Dot plot showing BrdU assay results representing reduced proliferation upon DHODH KD and rescued by DHODH re-
expression in 22RV1 PCa cells (n = 5 biological replicates, P value using Student's t-test). Uridine addition to DHODH KD also rescued the proliferation. H 
Dot plot showing BrdU assay results representing reduced proliferation upon DHODH KD and rescued by DHODH re-expression in MDA-PCa-2b PCa cells. 
(n = 10, 5 biological replicates with 2 technical replicates each, P value using Student's t-test)
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Fig. 3 (See legend on next page.)
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(EMT) and inflammatory signaling pathways (Fig.  5K), 
implying that metabolic alterations driven by DHODH 
can directly modulate the epigenetic regulation of key 
cancer-related transcriptional programs. Functional 
assays supported these molecular findings. In vitro trans 
well migration tests showed a significant decrease in 
migration in DHODH-deficient cells (Fig. 5L).

Considering the known connection between EMT and 
metastasis, we assessed in vivo metastasis using an intra-
cardiac injection model in immunocompromised cas-
trated NSG mice. Bioluminescent IVIS imaging showed 
a marked decrease in metastatic spread—measured by 
luminescence intensity—in mice injected with DHODH-
knockdown cells compared with controls. Further, H&E 
staining confirmed metastatic lesions in 50% of animals 
from the NT and Rescue group, while none of the ani-
mals injected with DHODH-KD showed metastasis 
(Fig. 5M; Supplementary Figs. 5 A, B).

Overall, these findings demonstrate that DHODH 
depletion reprograms the one-carbon cycle, alter-
ing DNA methylation patterns and EMT-related gene 
expression. This results in decreased migratory behavior 
in vitro and a lower metastatic potential in vivo. These 
findings highlight DHODH’s crucial role in linking meta-
bolic and epigenetic networks that drive aggressive pros-
tate cancer, underscoring its potential as a therapeutic 
target.

DHODH depletion impairs DNA repair pathways, increases 
DNA damage, and influences treatment outcomes
To explore how DHODH depletion affects DNA repair, 
we analyzed the transcript levels of key DNA repair 
genes. Knockdown of DHODH significantly lowered the 
expression of genes involved in mismatch repair, base 
excision repair (BER), and nucleotide excision repair 
(NER) (Figs. 6A–C), indicating a widespread disruption 
of high-fidelity repair pathways. Interestingly, some genes 
within the BER and NER pathway were upregulated, 
like MPG, SMUG1, and PARP4 for BER and RBX1 and 
RAD23 for NER, were upregulated when DHODH was 
lost. RAD23 is critical for assembly during NER repair, 
and also acts to enhance protein stability of repair com-
plexes, including through interactions with Y-family of 
DNA polymerases [32] .

Concurrently, a subset of genes from the Y-family of 
DNA polymerases—responsible for trans-lesion syn-
thesis were upregulated, notably REV3L (Fig.  6D, Sup-
plementary Figs.  6A–F). This suggests an adaptive, 
albeit error-prone, mechanism to bypass unrepaired 
DNA damage. Notably, even with an overall decrease in 
canonical repair transcripts, the BER factors PARP1 and 
XRCC1 showed increased levels in DHODH-knockdown 
cells compared to non-targeting (NT) (Supplementary 
Figs. 6G, H).

Consistent with impaired repair ability, the Repair 
Assisted Damage Detection (RADD) assay revealed a 
significant rise in the broad-spectrum DNA damage sig-
nal (Full RADD) in DHODH-deficient cells compared 
to non-targeting (NT) and rescue controls (Figs.  6E, F), 
indicating a greater amount of unrepaired DNA damage 
when DHODH is lost.

Functional clonogenic assays showed that DHODH 
knockdown cells had a significantly higher plating effi-
ciency compared to NT and rescue controls (Fig.  6G). 
They also displayed a trend toward a higher dose–based 
area ratio (DBAR; Supplementary Fig.  6I), suggesting 
better colony formation under stress. This surprising 
increase in clonogenic survival, despite increased DNA 
damage, likely indicates a shift toward lesion tolerance 
rather than repair accuracy. This may enable damaged 
cells to survive and accumulate mutations.

The above findings suggest DHODH depletion reduces 
nucleotide pools, leading to replication stress and sin-
gle-strand breaks. This activates PARP1 signaling and 
attracts XRCC1 to stabilize and restart stalled forks. The 
increased RADD signal, induction of Y-family polymer-
ases, and maintained clonogenic growth under stress 
support a model in which cells prioritize lesion tolerance 
and quick fork restart over high-fidelity repair.

Prostate cancer patient data demonstrate the clinical 
importance of these DNA repair defects. Prostate cancer 
patients receiving combined radiotherapy and androgen 
deprivation therapy (ADT) with low DHODH expression 
had notably shorter biochemical recurrence–free survival 
compared to those with high DHODH levels (Fig.  6H). 
This finding aligns with experimental results: tumors 
with diminished DHODH may have compromised DNA 
repair, leading to greater genomic instability and reduced 
long-term effectiveness of DNA-damaging therapies.

(See figure on previous page.)
Fig. 3  Transcriptomic analysis reveals a decrease in the cell cycle and an increase in energy metabolism following DHODH knockdown (KD) in MDA-PCa-
2b prostate cancer cells. A Heat map showing differentially expressed genes identified by bulk RNA sequencing, comparing DHODH KD to non-targeting 
(NT) control and DHODH rescue. The green color represents significantly down-regulated genes, and red represents up-regulated genes (n = 3 biological 
replicates, P <0.05, FDR=0.25). B Heat map showing subset of differentially expressed cell cycle-associated genes identified by bulk RNA sequencing, com-
paring DHODH KD to non-targeting (NT) control and DHODH rescue. The green color represents significantly down-regulated genes and red represents 
up-regulated genes (n = 3 biological replicates). This subset of differentially expressed genes (P < 0.05) at an FDR threshold of 0.25 was derived from Fig. 
3A. C Bar graph illustrating Hallmark Pathways linked to upregulated genes from transcriptomics analysis of DHODH KD versus NT. The -Log10 (P) value is 
shown on the X-axis. D Bar graph illustrating Hallmark Pathways linked to downregulated genes from transcriptomics analysis of DHODH KD versus NT. 
The -Log10 (P) value is shown on the X-axis
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Fig. 4 (See legend on next page.)
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Together, these findings identify DHODH as a crucial 
factor in maintaining genomic stability in prostate cancer. 
When lost, it hampers multiple repair pathways, leads to 
dependence on error-prone polymerases, boosts DNA 
damage, and correlates with poorer treatment results. 
This underscores DHODH’s role in driving repair defi-
ciencies and its potential as a biomarker for therapeutic 
response.

Discussion
Prostate cancer (PCa) remains a leading cause of cancer-
related illness and death among African American (AA) 
men, who face a higher rate of aggressive diseasecom-
pared to European American (EA) men [33]. Our ear-
lier transcriptomics and DNA damage studies showed 
increased uracil incorporation and pyrimidine-related 
DNA damage in prostate tumors from AA patients, indi-
cating deficiencies in nucleotide metabolism and DNA 
repair mechanisms [4]. In this research, we highlight 
dihydroorotate dehydrogenase (DHODH)—a crucial 
enzyme in de novo pyrimidine synthesis [11] as a key reg-
ulator of metabolism, epigenetic changes, and genomic 
stability in prostate cancer.

Analysis of independent transcriptomic datasets, 
including TCGA-PRAD and GEO cohorts, revealed that 
DHODH expression was consistently higher in prostate 
tumors than in benign tissues and correlated positively 
with tumor cellularity. Single-cell RNA sequencing local-
ized DHODH overexpression to tumor epithelial cells, 
which are closely linked to tumor initiation, progres-
sion, and metastasis [34]. Importantly, in a small patient 
cohort within the TCGA, DHODH levels were found 
to be elevated in tumors from African American (AA) 
patients compared to European American (EA) patients, 
suggesting the presence of race-specific molecular and 
metabolic signatures [4, 5, 7].

Functionally, DHODH is crucial for maintaining pros-
tate cancer cell growth via its primary role in pyrimi-
dine biosynthesis. Knocking down DHODH decreased 
cell proliferation, which was fully restored by adding 
exogenous uridine, highlighting the enzyme’s meta-
bolic dependence—consistent with previous findings in 
other cancers [35]. Our results are also consistent with 
previous in vivo tumor studies [36]. Besides its role in 
nucleotide synthesis, the loss of DHODH disrupted its 

connection to mitochondrial respiration, unexpectedly 
boosting oxidative phosphorylation (OXPHOS) pathways 
and enhancing activity in mitochondrial respiratory com-
plexes II, and III. Seahorse assays and biochemical tests 
showed increased oxygen consumption, higher NADP⁺/
NADPH ratios, higher reactive oxygen species (ROS) lev-
els, and mitochondrial biogenesis, indicating a compen-
satory response to metabolic stress [37].

This mitochondrial stress reprogramming extended 
to one-carbon metabolism. Targeted and untargeted 
metabolomics revealed elevated levels of methionine 
and homocysteine, indicating compensatory upregula-
tion of the one-carbon cycle to support biosynthesis and 
methylation. Knockdown of DHODH led to global DNA 
hypermethylation, likely due to decreased expression of 
TET1 and TET2 and reduced active DNA demethylation, 
aligning with emerging evidence linking mitochondrial 
metabolism to nuclear methylation regulation [38, 39].

TET enzyme activity is controlled at the transcrip-
tional, post-translational, and metabolic levels. Inhibition 
of dihydroorotate dehydrogenase (DHODH) disrupts 
electron transfer, thereby impairing respiratory efficiency 
[11]. This disruption triggers a compensatory increase 
in oxidative phosphorylation and mitochondrial biogen-
esis, disturbing the NADP+/NADPH redox balance and 
increasing reactive oxygen species (ROS) production. A 
reduction in cellular NADPH hampers the maintenance 
of ferrous iron (Fe²⁺) within the catalytic site of TET 
dioxygenases, leading to a loss of enzyme activity [40]. 
Besides its role in metabolic regulation, oxidative stress 
and NADPH depletion can also affect transcriptional 
networks by modulating redox-sensitive transcription 
factors like the androgen receptor (AR) [41]. Elevated 
mitochondrial ROS can impair AR signaling in prostate 
cancer, reducing receptor stability and nuclear activity 
[42]. Moreover, TET2 activity is implicated in regulating 
androgen-dependent transcriptional repression mecha-
nisms in prostate cancer, underscoring a key connec-
tion between epigenetic and transcriptional landscapes 
[43]. These findings highlight a mechanistic link between 
metabolic dysfunction, epigenetic dysregulation, and 
transcriptional reprogramming in prostate tumor 
development.

Importantly, whole-genome bisulfite sequencing iden-
tified regions with differential methylation, especially 

(See figure on previous page.)
Fig. 4  KD of DHODH increases mitochondrial activity and bioenergetics in PCa cell lines. A, B Heat map illustrating the expression levels of a subset of 
genes associated with the TCA Cycle and the Electron Transport Chain (ETC). The green color represents significantly down-regulated genes, and red 
represents up-regulated genes (n = 3 biological replicates). This subset of differentially expressed genes (P < 0.05) at an FDR threshold of 0.25 was derived 
from Fig. 3A. C–E Seahorse analysis shows increased Basal Respiration, ATP Production, and Maximal Respiration in DHODH KD compared to NT or rescue 
controls. (n = 15, 3 biological replicates and 5 technical replicates per run). F Activity of mitochondrial electron transport chain complexes II-III is elevated 
upon KD of DHODH in MDA-PCa-2b cells (n = 3 biological replicates, P value using ANOVA). G, H Dot plot representing increased NADP+: NADPH ratios 
in MDA-PCa-2b and 22RV1 DHODH KD compared to NT and rescue controls (n = 4-5 biological replicates, P value using Student's t-test). I, J Violin plot 
representing increased Reactive Oxygen Species (ROS) in 22RV1 and MDA-PCa-2b DHODH KD compared to NT and rescue controls (n = 4-5 biological 
replicates, P value using Student's t-test)
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in genes involved in epithelial–mesenchymal transition 
(EMT) and inflammatory signaling. These epigenetic 
modifications were functionally associated with decreased 
cell migration in vitro, a shift toward an epithelial pheno-
type, and a significant reduction in metastatic potential in 
vivo, supporting previous studies linking metabolic dys-
function to reduced metastatic capacity [44].

Our integrative analysis of methylome and transcrip-
tome data showed that depleting DHODH hinders sev-
eral high-fidelity DNA repair pathways, such as mismatch 
repair, base excision repair (BER), and nucleotide excision 
repair (NER). Simultaneously, subset of genes for Y-family 
DNA polymerases—which are involved in error-prone 
trans lesion synthesis—were upregulated, pointing to a 
shift toward lesion tolerance. The Repair Assisted Damage 
Detection (RADD) assay confirmed an increase in DNA 
damage. In contrast, clonogenic assays unexpectedly dem-
onstrated enhanced colony formation under stress, poten-
tially due to the survival of genomically unstable cells. 
Clinically, patients with low DHODH expression receiving 
combined radiotherapy and androgen deprivation ther-
apy (ADT) experienced significantly shorter biochemi-
cal recurrence–free survival, implying that repair deficits 
associated with DHODH deficiency led to decreased sen-
sitivity to DNA-damaging treatments [4, 45].

Our results identify DHODH as a versatile key regula-
tor in prostate cancer development. Its roles go beyond 
pyrimidine production, including regulation of mito-
chondrial function, redox homeostasis, one-carbon 
metabolism, and epigenetic modifications, all of which 
influence tumor growth, metastatic potential, and 
genomic stability. It also plays a paradoxical role in over-
coming radiation stress and promoting cell survival.

Significance and future directions
Our study identifies dihydroorotate dehydrogenase 
(DHODH) as a key metabolic–epigenetic–genomic hub 

in prostate cancer, coordinating nucleotide availability 
with mitochondrial redox balance, chromatin configu-
ration, and DNA damage responses. Loss of DHODH 
results in compensatory mitochondrial changes, includ-
ing increased oxidative phosphorylation, increased oxy-
gen consumption, and elevated electron transport chain 
activity, along with disrupted redox homeostasis. It also 
causes rewiring of one-carbon metabolism and DNA 
methylation pathways that influence EMT and inflam-
matory signaling. These epigenetic alterations lead to a 
phenotype that is more epithelial and less motile, with 
decreased invasion and metastasis observed in vivo. 
Additionally, DHODH depletion reduces high-fidel-
ity DNA repair mechanisms (MMR/BER/NER) while 
increasing trans-lesion synthesis, which raises DNA 
damage but unexpectedly enhances clonogenic survival 
under genotoxic stress. Clinically, low DHODH levels are 
linked to shorter recurrence-free survival after RT + ADT, 
suggesting its value as a marker for treatment persistence 
rather than metastasis potential, highlighting the impor-
tance of personalized therapeutic approaches.

These data resolve a seeming paradox—metasta-
sis decreases while treatment persistence rises when 
DHODH levels are low—by presenting a unifying model: 
decreased de novo pyrimidine flux disconnects mito-
chondrial electron transfer, leading to a slow-cycling, 
OXPHOS-dependent, lesion-tolerant state that reduces 
radiation lethality (which relies on damage fixation and 
precise repair during proliferation). Androgen depri-
vation likely strengthens this persister-like program 
by further limiting cell-cycle progression and promot-
ing oxidative metabolism, accounting for the poorer 
RT + ADT outcomes seen in DHODH-low tumors. The 
finding that uridine restores proliferation highlights the 
key role of pyrimidine flux in this transition.

Looking ahead, this model highlights key testable pri-
orities. First, boost radiation effects in DHODH-low 

(See figure on previous page.)
Fig. 5  DHODH KD in PCa cells results in perturbation of DNA methylation. A Metabolite-Set Enrichment Analysis (MSEA, FDR<0.1) of unbiased metabolic 
profiles in 22RV1-DHODH KD cell lines reveals changes in methylation pathways. Metabolite Set Enrichment Analysis (MSEA) was performed using the 
RaMP-Database (integrated KEGG, HMDB, Reactome, WikiPathways, and conducted using the online MetaboAnalyst program ). Shades of red indicate 
higher significance, and larger dots represent higher enrichment ratios. B–E Box plots showing increased levels of the one-carbon metabolites homo-
cysteine and methionine in DHODH KD compared to NT and rescue in MDA-PCa-2b and 22RV1 cells (n = 3 biological replicates, P value using Student's 
t-test). F Bar plots illustrating 5mC% in control, DHODH KD, and rescue in 22RV1 cells (n = 3 biological replicates, P value using Student's t-test). G Bar plots 
illustrating 5mC% in control, DHODH KD, and rescue in MDA-PCa-2b cells (n = 3 biological replicates, P value using Student's t-test). H Bar graphs show-
ing relative mRNA expression levels of TET1 enzyme in MDA-PCa-2b cellines determined by qPCR (n = 3 biological replicates, normalized by Beta-Actin, P 
value using Student's t-test). I Bar graph representing qPCR results of TET2 for MDA-PCa-2b cell lines (n = 3 biological replicates, normalized by Beta-Actin, 
P value using Student’s T-test). J Heat map displaying differentially methylated genes identified through whole-genome bisulfite sequencing of MDA-
PCa-2b cells with NT andDHODH KD, (n = 3 biological replicates, p < 0.05, FDR < 0.25). Shades of red and blue indicate hypermethylated and hypomethyl-
ated genes, respectively. K Pathways related to epithelial-mesenchymal transition (EMT) and inflammatory responses were significantly enriched among 
the hypermethylated genes in DHODH KD compared to NT and DHODH rescue (p < 0.05). Pathway enrichment analysis was performed using Enrichr and 
the Hallmark database. L Dot plot representing quantification of trans well invasion assay showing reduced invasion in 22RV1 cells containing DHODH KD 
compared to NT and rescue (n = 4) biological replicates, P value using Student's t-test. M Dot plot showing reduced metastasis in 22RV1 mouse tumors 
with DHODH KD compared to NT and DHODH rescue on Day 19 post-intracardiac injection. Metastasis was quantified using luciferase by IVIS imaging (n 
= 4 animals per group, P value using Student's t-test). Each dot is an aggregate signal per animal in the group on Day 19. The table shows the percentage 
of metastasis observed within each experimental group
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tumors by combining radiotherapy (RT) with DNA-
damage response inhibitors like ATR/CHK1 or PARP 
inhibitors, and, where possible, agents that inhibit trans 
lesion synthesis (REV1–REV7), to reduce fork tolerance 
and induce lethal damage. Second, address the metabolic 
basis of persistence by inhibiting mitochondrial oxida-
tive phosphorylation and electron transport (OXPHOS/
ETC). Third, improve treatment sequencing by admin-
istering RT during cell-cycle re-entry or providing DDR 
blockade immediately prior. Fourth, stratify clinical trials 
based on DHODH status: DHODH-low cases might ben-
efit from RT combined with DDR therapy for sustained 
local control. At the same time, DHODH-targeted strate-
gies may be better suited for minimal residual or micro 
metastatic disease when paired with anti-tolerance or 
anti-OXPHOS agents. These hypotheses should be tested 
in vivo using RT + ADT models with quantitative end-
points, such as cell quiescence and double-strand break 
repair kinetics, including perturbations, such as uridine 
supplementation or transient ETC modulation, to estab-
lish causality, while ensuring evaluation across diverse 
patient populations. Collectively, our findings highlight 
the multifaceted role of DHODH in prostate cancer 
development and the radiation-response mechanisms 
promoting cell survival. One limitation of this study is the 
reliance on cell lines for epigenetic, transcriptomic, and 
metabolic analyses. While these results provide valuable 
insights, additional in vivo studies are needed to clarify 
the role of DHODH within a complex tumor microenvi-
ronment. Furthermore, access to larger RNA-seq cohorts 
from African American prostate cancer patients with 
extended clinical follow-up will help establish the clinical 
significance of DHODH in the context of prostate cancer 
health disparities.
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Fig. 6  DHODH depletion impairs DNA repair pathways, increases DNA damage, and influences treatment outcomes. A Heat showing differentially ex-
pressed subset of mismatch repair genes identified by bulk RNA sequencing, comparing DHODH KD to non-targeting (NT) control and DHODH rescue 
in MDA-PCa-2b cells. The green color represents significantly down-regulated genes, and red represents up-regulated genes (n = 3 biological replicates). 
This subset of differentially expressed genes (P < 0.05) at an FDR threshold of 0.25 was derived from Fig. 3A. B Heat showing subset of differentially ex-
pressed base excision repair genes identified by bulk RNA sequencing, comparing DHODH KD to non-targeting (NT) control and DHODH rescue in MDA-
PCa-2b cells. The green color represents significantly down-regulated genes, and red represents up-regulated genes (n = 3 biological replicates). This 
subset of differentially expressed genes (P < 0.05) at an FDR threshold of 0.25 was derived from Fig. 3A. C Heat showing subset of differentially expressed 
nucleotide excision repair genes identified by bulk RNA sequencing, comparing DHODH KD to non-targeting (NT) control and DHODH rescue in MDA-
PCa-2b cells. The green color represents significantly down-regulated genes, and red represents up-regulated genes (n = 3 biological replicates). This 
subset of differentially expressed genes (P < 0.05) at an FDR threshold of 0.25 was derived from Fig. 3A. D Heat showing subset of differentially expressed 
trans-lesion polymerases identified by bulk RNA sequencing, comparing DHODH KD to non-targeting (NT) control and DHODH rescue in MDA-PCa-2b 
cells. The green color represents significantly down-regulated genes, and red represents up-regulated genes (n = 3 biological replicates). This subset of 
differentially expressed genes (P < 0.05) at an FDR threshold of 0.25 was derived from Fig. 3A. E Violin plots showing the quantification of DNA damage 
detected by RADD assay in DHODH NT, KD, KD rescue in MDA-PCa-2b cells (n = 3 biological replicates, *** represents P < 0.001 obtained using ANOVA 
with a Dunnett’s post hoc test). F Violin plots showing the quantification of DNA damage detected by RADD assay in DHODH NT, KD, KD rescue in 22RV1 
cells (n = 3 biological replicates, *** represents P < 0.001 obtained using ANOVA with a Dunnett’s post hoc test). G Dot plot representing percentage 
clonogenic assay plating efficiency of DHODH KD compared to NT and DHODH rescue in 22RV1 cells (n = 3 biological replicates, P value using Student's 
t-test). H Survival plot representing BCR-free survival between DHODH High and Low patients (Time period after radiation treatment during which a 
patient experiences no biochemical recurrence) obtained from 248 localized/locally advanced prostate cancer patients (GSE116918)
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