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Abstract: Objective: The complement system is increasingly recognized as a regulator of the tumor microenviron-
ment. However, its role in prostate cancer progression and immune infiltration remains unclear. This study aimed
to clarify complement gene expression patterns in prostate cancer and immune infiltration, particularly comple-
ment component 3 (C3) expression and its promoter methylation. Methods: Transcriptomic and DNA methylation
data from The Cancer Genome Atlas prostate adenocarcinoma (TCGA-PRAD) cohort and GSE21032 were analyzed.
Complement gene expression was compared among adjacent normal, primary tumor, and metastatic samples. As-
sociations between gene expression, promoter methylation, and immune infiltration were evaluated using correla-
tion and multivariable linear regression analyses. Gene Set Enrichment Analysis was performed for C3-associated
pathways. C3 expression was examined in prostate cell lines by quantitative PCR and Western blotting. Results:
Multiple complement components showed differential expression across disease states. In TCGA-PRAD, C2 and C4A
were upregulated in primary tumors compared with adjacent normal tissues (both P < 0.001), whereas C3 and C7
were downregulated (P = 0.025 and P < 0.001, respectively). In GSE21032, stage-based analysis showed further
reduction of C3 and C7 in metastatic lesions (P = 0.002 and P < 0.001, respectively). In multivariable analysis,
both C3 promoter methylation and immune infiltration score were independently associated with C3 expression
(P =0.002 and P < 0.001, respectively). In contrast, C7 was associated with immune infiltration and tumor status
but not promoter methylation. Low C3 expression was associated with enrichment of MYC target and androgen
response pathways. C3 expression was reduced in prostate cancer cell lines at both the mRNA and protein levels.
Conclusion: Our findings indicate that C3 is reduced in prostate cancer and is associated with promoter methyla-
tion, immune context, and proliferative signaling pathways. These findings suggest that C3 downregulation may be
a distinct feature of complement alteration during prostate cancer progression.

Keywords: Prostate cancer, complement components, complement component 3, promoter methylation, immune
infiltration

Introduction

Prostate cancer represents one of the most
commonly diagnosed malignancies in men
worldwide, with 1.4 million new cases diag-
nosed annually [1]. Although localized pro-
state cancer often shows favorable outcomes
following curative interventions, the clinical
prognosis becomes increasingly poor upon
progression to metastatic or castration-resis-
tant prostate cancer (CRPC) [2]. CRPC usually
develops when recurrent or metastatic pros-

tate cancer progresses despite androgen depri-
vation therapy. Persistent androgen receptor
signaling is a central mechanism of castration
resistance [3], with additional contributions
from epigenetic dysregulation and changes in
the tumor microenvironment (TME) [4, 5]. TME
is increasingly recognized as an important
contributor to cancer progression. In prostate
cancer, the tumor is often characterized by an
immunologically cold phenotype, with limited
T-cell infiltration and poor responsiveness to
immunotherapy [4]. However, the molecular
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mechanisms underlying this immune-evasive
phenotype remain poorly understood, particu-
larly regarding the contribution of the comple-
ment system, a key component of innate immu-
nity [6-8].

Complement activation has been associated
with both anti-tumor immune responses and
tumor-promoting inflammation, depending on
the biological context [7, 8]. Complement com-
ponent 3 (C3) is the central component of the
complement cascade and generates effec-
tor fragments involved in inflammation and
immune regulation. In prostate cancer, com-
plement-related alterations have been report-
ed, including early complement activation and
increased expression of complement receptors
such as C3aR and C5aR in tumor tissues [9,
10]. However, the expression pattern of C3
across prostate cancer states and the regula-
tory mechanisms underlying C3 dysregulation
remain unclear. Promoter DNA methylation is
a well-established mechanism of gene silenc-
ing in prostate cancer [11], and glutathione
S-transferase pi 1 (GSTP1) promoter hyper-
methylation is one of the most characteristic
features [12, 13]. We therefore incorporated
DNA methylation data into our integrative an-
alysis to assess its potential contribution to
complement component expression.

We performed an integrative analysis of tran-
scriptomic and DNA methylation data from The
Cancer Genome Atlas prostate adenocarcino-
ma (TCGA-PRAD) cohort and an independent
dataset (GSE21032) to clarify the expression
patterns and potential epigenetic regulation of
complement components in prostate cancer.
Complement component expression was ex-
amined across normal, primary, and meta-
static samples, and the relationship between
C3 expression, promoter methylation, and im-
mune context was assessed primarily in TCGA-
PRAD. In addition, we examined whether C3
expression was altered in prostate cancer cell
lines as compared to non-malignant prostatic
cell lines.

Materials and methods
Data sources
Transcriptomic data and sample annotations

for prostate adenocarcinoma were obtained
from TCGA via the University of California Santa
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Cruz (UCSC) Xena platform [14, 15]. Gene
expression profiles (TCGA.PRAD.sampleMap/
HiSeqV2) included 497 primary tumor sam-
ples, 52 adjacent normal prostate tissues, and
one metastatic sample. The single metastatic
sample was excluded, and primary tumor and
adjacent normal samples were used for the
TCGA normal-versus-tumor comparison. Gene
expression values were derived from RNA-Seq
data using Expectation-Maximization (RSEM)-
normalized expected counts and transformed
using log2(x+1) [16].

DNA methylation data for TCGA-PRAD were
also obtained from the UCSC Xena platform
(Nlumina HumanMethylation450) [15]. Beta
values (B), representing the proportion of
methylation at each CpG site, were used for
downstream analyses. Promoter-associated
CpG probes were defined as those annotated
to TSS1500, TSS200, 1stExon, or 5’'UTR re-
gions according to the Illumina HumanMethy-
lation450k annotation (hgl9) [17]. For each
gene, the mean promoter B value was calculat-
ed by averaging all annotated promoter CpG
probes. Methylation and expression data were
matched using TCGA sample barcodes.

To examine complement expression patterns
across disease stages, we also used the
GSE21032 dataset from the National Center
for Biotechnology Information (NCBI) Gene Ex-
pression Omnibus (GEO), which includes 29
adjacent normal tissues, 131 primary tumors,
and 19 metastatic lesions [18]. Raw CEL files
were processed using the Robust Multi-Array
Average (RMA) algorithm [19], including back-
ground correction, quantile normalization, and
log2 transformation. For multi-subunit comple-
ment components such as C1 (C1QA, C1QB,
and C1QC) and C8 (C8A, C8B, and C8G), the
mean expression of their respective subunits
was used to represent the complex. For C4,
C4A was analyzed as the representative gene
based on probe availability in the dataset.

Cell culture

LNCaP cells were obtained from the American
Type Culture Collection (ATCC, Manassas, VA,
USA). C4-2 cells were originally obtained from
Dr. Leland W. K. Chung (Cedars-Sinai Medical
Center, Los Angeles, CA, USA), as previously
described [20]. The benign prostatic epithelial
cell line BHPrE1 and the immortalized benign
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prostatic epithelial cell line BPH-1 were derived
from laboratory stocks originally obtained from
Dr. Simon Hayward at NorthShore University
HealthSystem (Evanston, IL, USA), as previ-
ously described [21]. Cells were cultured at
37°C in a humidified atmosphere containing
5% CO,. LNCaP, C4-2, and BPH-1 cells were
maintained in RPMI 1640 (Corning, Corning,
NY, USA; catalog no. 11875093) supplement-
ed with 10% fetal bovine serum (FBS; Atlanta
Biologicals, GA, USA; catalog no. 900-108), 1%
penicillin-streptomycin (10,000 U/mL; Gibco,
Thermo Fisher Scientific, Waltham, MA, USA;
catalog no. 1540122), and 1% L-glutamine
(200 mM; Gibco, Thermo Fisher Scientific; ca-
talog no. 25030081). BHPrE1 cells were main-
tained in Dulbecco’s Modified Eagle Medium/
Nutrient Mixture F-12 (DMEM/F12; source;
catalog no. 15-090-CV) supplemented with
5% FBS, 1% insulin-transferrin-selenium-Etha-
nolamine (ITS-X; Themo Fisher Scientific, Wal-
tham, MA, USA; catalog no. 4452301), 1%
penicillin-streptomycin, and 1% L-glutamine.
All experiments were performed using cells
between passages 10 and 25.

RNA isolation and quantitative PCR

For quantitative PCR (qPCR) analysis, total RNA
was isolated from cultured prostate epithe-
lial and prostate cancer cell lines, including
BHPre1, BPH-1, LNCaP, and C4-2 cells. RNA
extraction was performed using the E.Z.N.A.
Total RNA Kit (Omega Bio-Tek, Norcross, GA,
USA; catalog no. R6834-02) according to the
manufacturer’s protocol. Reverse transcription
was performed using Takara 5X PrimeScript
RT Master Mix (Takara Bio, Shiga, Japan; cata-
log no. RRO36A). gPCR was performed on a
StepOnePlus Real-Time PCR System (Applied
Biosystems, Foster City, CA, USA) using gene-
specific primers and Bullseye Real-Time qPCR
Master Mix (MidSci, Valley Park, MO, USA; cata-
log no. ASQPCR1). Each 10-uL reaction con-
tained 5 yL of master mix, 0.5 yL each of 10
uM forward and reverse primers, 1 yL of tem-
plate cDNA, and 3 pL of sterile ddH,0. The
cycling conditions were 95°C for 10 min, fol-
lowed by 40 cycles of 95°C for 15 s and 60°C
for 60 s. Relative C3 expression was calculat-
ed using the 222t method with GAPDH as the
internal control. The C3 primers were designed
using NCBI Primer-BLAST. The glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) primers
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were selected based on a previous report [22].
All primers were synthesized commercially
(Integrated DNA Technologies, Coralville, IA,
USA). The primer sequences were as follows:
C3 forward, 5-TGGCGAACAGAGGATTTCCC-3’;
C3 reverse, 5-TCTGGTAGGGAGAGGTCACG-3’;
GAPDH forward, 5-CTCCTCACAGTTGCCATGTA-
3’; and GAPDH reverse, 5-GTTGAGCACAGGG-
TACTTTATTG-3'.

Western blot analysis

For Western blot analysis, protein lysates were
prepared from cultured BHPrE1, BPH-1, LNCaP,
and C4-2 cells. Cells were lysed in radioimmu-
noprecipitation assay (RIPA) prepared in the
laboratory, containing 150 mM sodium chlo-
ride, 50 mM Tris-HCI (pH 8.0), 1% Nonidet P-40,
0.5% sodium deoxycholate, and 0.1% sodium
dodecyl sulfate (SDS). The buffer was supple-
mented with 1x Pierce Protease Inhibitor Mini
Tablets (Thermo Fisher Scientific, Waltham,
MA, USA; catalog no. A32965) and 1 mM
phenylmethylsulfonyl fluoride (PMSF; Thermo
Fisher Scientific, Waltham, MA, USA; catalog
no. 36978) immediately before use. Total pro-
tein was quantified using a bicinchoninic acid
(BCA) protein assay. Protein extracts were
boiled in SDS sample buffer and separated by
SDS-polyacrylamide gel electrophoresis (SDS-
PAGE). Proteins were then transferred to poly-
vinylidene difluoride (PVDF) membranes (Bio-
Rad Laboratories, Hercules, CA, USA; catalog
no. 1620177), blocked for 1 h in 5% non-fat
milk, and incubated with primary antibodies at
4°C. The following primary antibodies were
used: anti-C3 rabbit antibody (Abcam, Cam-
bridge, UK; catalog no. ab200999; 1:2000)
for 48 h and mouse anti-a-tubulin antibody
(Santa Cruz Biotechnology, Dallas, TX, USA;
catalog no. sc-8035; 1:2000) overnight. Mem-
branes were washed in Tris-buffered saline
with Tween 20 (TBST) and incubated with
horseradish peroxidase (HRP)-conjugated sec-
ondary antibodies: Immun-Star Goat Anti-
Rabbit (GAR)-HRP Conjugate (Bio-Rad Labora-
tories, Hercules, CA, USA; catalog no. 1705046;
dilution 1:5000) and Immun-Star Goat Anti-
Mouse (GAM)-GRP Conjugate (Bio-Rad Labo-
ratories; catalog no. 1705047; dilution 1:5000).
After additional washes in TBST, protein sig-
nals were detected using a ChemiDoc Imag-
ing System (BioRad Laboratories, Hercules,
CA, USA).
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Statistical analysis

All statistical analyses were performed using R
version 4.4.1 unless otherwise specified. For
transcriptomic and methylation analyses, group
comparisons were performed using nonpara-
metric tests because variables derived from
public datasets exhibited distributional hetero-
geneity and potential outliers. For comparisons
between two groups, gene expression or me-
thylation levels were evaluated using the Wil-
coxon rank-sum test. For comparisons among
three groups, the Kruskal-Wallis test was used,
followed by pairwise Wilcoxon rank-sum tests
when appropriate. P values from multiple com-
parisons were adjusted using the Benjamini-
Hochberg method to control the false discovery
rate (FDR).

Correlations between gene expression and
promoter methylation or immune scores were
assessed using Spearman’s rank correlation.
Univariable and multivariable linear regression
analyses were performed to assess indepen-
dent associations. Multivariable models includ-
ed promoter methylation, immune score, and
tumor status as covariates. Tumor status was
treated as a categorical variable with normal
tissue as the reference group.

An immune infiltration score was calculated
using single-sample Gene Set Enrichment
Analysis (ssGSEA) [23] implemented in the
Gene Set Variation Analysis (GSVA) package
[24]. The score was derived from selected
Hallmark immune-related gene sets from the
Molecular Signatures Database (MSigDB) [25].
To avoid circularity, the gene of interest was
excluded from the complement gene set when
calculating immune scores. GSEA was per-
formed using the clusterProfiler package [26]
based on genes ranked by Spearman correla-
tion coefficients with C3 expression. Hallmark
gene sets from MsigDB were used for enrich-
ment analysis. For transcriptomic and methy-
lation analyses, group comparisons were per-
formed using non-parametric tests because
public dataset-derived variables showed distri-
butional heterogeneity and potential outliers.
In box plots, boxes indicate the interquartile
range, horizontal lines indicate the median,
and whiskers indicate 1.5 times the inter-
quartile range. A two-sided P-value < 0.05 or
an FDR < 0.05 was considered statistically
significant.
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For gPCR analysis, statistical comparisons
were performed using ACt values in Graph-
Pad Prism 10 by one-way analysis of variance
(ANOVA) followed by Dunnett's multiple com-
parisons test, whereas relative expression val-
ues calculated by the 24t method are shown
for visualization.

Results

Altered expression patterns of complement
components in prostate cancer

To obtain an overview of complement compo-
nents in prostate cancer, we first evaluated
log2-transformed expression levels of major
complement factors, from C1 through C9, in
the TCGA-PRAD dataset. As shown in Figure 1,
multiple complement components showed sta-
tistically significant differences in expression
between adjacent normal and tumor tissues.
Among them, C3, C6, and C7 were significantly
decreased in tumor tissues, whereas C2, C4A,
C8, and C9 were significantly increased in
tumors (all P < 0.05). Expression levels of C1
and C5 did not differ significantly between
groups. After Benjamini-Hochberg correction,
C2, C3, C4A, C6, C7, C8, and C9 remained sig-
nificantly different between tumor and adjacent
normal tissues (adjusted P < 0.05), indicating
that complement-related changes in prostate
cancer differed among individual components.

Complement component expression across
clinical stages in an independent cohort

To examine whether the above findings using
TCGA-PRAD were also observed in another
cohort, we analyzed GSE21032, which includes
29 adjacent normal prostatic tissues, 131 pri-
mary tumors, and 19 metastatic prostate can-
cer samples. Five complement components
(C1, C2, C3, C4A, and C7) showed significant
differences among groups (Kruskal-Wallis test;
adjusted P < 0.01 for all genes; Figure 2). For
C2 and C4, expression levels were significant-
ly higher in primary tumors than in adjacent
normal tissues and significantly lower in meta-
static lesions than in primary tumors (pairwise
Wilcoxon test, adjusted P < 0.01). In contrast,
C1, C3, and C7 did not differ significantly
between adjacent normal tissues and primary
tumors but were significantly lower in meta-
static lesions than in primary tumors (pairwise
Wilcoxon test, adjusted P < 0.01). Notably, all
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Figure 1. Differential expression of complement components in prostate cancer (TCGA-PRAD). Box-and-jitter plots
showing log2-transformed expression levels of complement components (C1-C9) in tumor (n = 492) and adjacent
normal prostate tissues (n = 52) from the TCGA-PRAD. For C1 and C8, mean expression values of their respective
subcomponents were used. Each dot represents an individual sample. Boxes indicate the interquartile range, hori-
zontal lines indicate the median, and whiskers indicate 1.5 times the interquartile range. Statistical significance
between groups was assessed using the Wilcoxon rank-sum test. Unadjusted p-values are shown; adjusted p-values
were calculated using the Benjamini-Hochberg method. TCGA-PRAD, The Cancer Genome Atlas prostate adenocar-

cinoma.

complement components that showed signifi-
cant group differences (C1, C2, C3, C4, and
C7) exhibited reduced expression in meta-
static lesions compared with primary tumors,
suggesting a consistent downward shift at the
metastatic stage.

Promoter DNA methylation and its association
with C3 expression

Given the consistent reduction in C3 and C7
across independent datasets, we next exam-
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ined their promoter methylation status. GSTP1
was included as a reference gene for tumor-
associated epigenetic silencing. Consistent
with its established role, GSTP1 showed a
strong negative correlation between expres-
sion and promoter methylation (p =-0.45, P <
0.001). Similarly, C3 demonstrated a signi-
ficant negative correlation (p = -0.28, P <
0.001). In contrast, C7 showed no significant
correlation between promoter methylation and
gene expression (p = -0.08, P = 0.07). Promo-
ter methylation levels were significantly higher
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Figure 2. Complement component expression across disease states in the GSE21032 dataset. Box-and-jitter plots
showing log2-transformed expression levels of complement components (C1, C2, C3, C4, and C7) in adjacent nor-
mal (n = 29), primary tumor (n = 131), and metastatic prostate tissues (n = 19) from the GSE21032 dataset. Each
dot represents an individual sample. Statistical significance among groups was assessed using the Kruskal-Wallis
test, followed by pairwise Wilcoxon rank-sum tests. Adjusted p-values (Benjamini-Hochberg method) are shown.
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Figure 3. Promoter methylation levels of GSTP4, C3, and C7 in normal and tumor prostate tissues from TCGA-PRAD.
Box-and-jitter plots showing promoter methylation levels (B values) of GSTP1, C3, and C7 in normal (n = 52) and
tumor prostate tissues (n = 492) from the TCGA-PRAD dataset. Each dot represents an individual sample. Statisti-
cal significance between groups was assessed using the Wilcoxon rank-sum test. P values are shown above each
comparison. TCGA-PRAD, The Cancer Genome Atlas prostate adenocarcinoma.

in tumor tissues for GSTP1 and C3 (P < 0.001), To evaluate the independent contributions
whereas no significant difference was obser- of promoter methylation and tumor status to
ved for C7 (P = 0.050; Figure 3). gene expression, multivariable linear regres-
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Table 1. Multivariable linear regression analysis of promoter
methylation and tumor status on gene expression in TCGA-PRAD

Gene B (Methylation) (Mgtr\:jlgjt?on) (TumorBstatus) (Tuﬁ(;/ra ;l::tus)
GSTP1 -9.841 <0.001 -0.953 <0.001
C3 -3.689 <0.001 0.013 0.961
C7 -0.688 0.517 -0.869 0.002

Multivariable linear regression models were used to evaluate the independent
contributions of promoter methylation level and tumor status to gene expression.
Regression coefficients (B) and corresponding p-values are shown. Adjacent nor-
mal prostate tissue was used as the reference category for tumor status. GSTP1
was included as a reference gene for tumor-associated epigenetic silencing. TCGA-
PRAD, The Cancer Genome Atlas prostate adenocarcinoma; GSTP1, glutathione S-
transferase pi 1.

Table 2. Multivariable linear regression analysis of factors associ-
ated with C3 expression in TCGA-PRAD

Variable (Estir[iate) StaErrlr(iar\rd tvalue p-value
Promoter methylation -1.271 0.412 -3.088 0.002
Immune score (excluding C3) 1.125 0.041 27283 <0.001
Tumor status 0.225 0.170 1.322 0.187

Model adjusted R? = 0.609. The model included promoter methylation (B value),
immune score derived from single-sample Gene Set Enrichment Analysis (SsGSEA)
excluding C3, and tumor status (Normal vs Tumor). Tumor status was coded with
adjacent normal prostate tissue as the reference category. B coefficients represent
the estimated change in C3 expression per unit increase of each variable. Standard
errors, t values, and corresponding p values are shown. TCGA-PRAD, The Cancer

ment gene set to avoid circu-
larity. The immune score was
strongly associated with C3
expression (B = 0.79, P <
0.001).

We then performed multivari-
able linear regression includ-
ing promoter methylation, im-
mune score, and tumor status
(Table 2). Both promoter me-
thylation (B =-1.27, P = 0.002)
and immune score (f = 1.12,
P < 0.001) remained inde-
pendently associated with ex-
pression, whereas tumor sta-
tus was not significant. Similar
results were observed when
the analysis was restricted
to tumor samples alone, with
promoter methylation and im-
mune score remaining inde-
pendently associated with C3

expression (Supplementary Ta-
ble 1).

Functional enrichment analy-

Genome Atlas prostate adenocarcinoma.

sion analyses were performed (Table 1). After
adjustment for both variables, promoter meth-
ylation remained significantly associated with
C3 expression (B = -3.689, P < 0.001), where-
as tumor status was not independently associ-
ated (P = 0.961). In contrast, C7 expression
was independently associated with tumor sta-
tus (B = -0.869, P = 0.002) but not with pro-
moter methylation (P = 0.517). GSTP1 expres-
sion was independently associated with both
promoter methylation and tumor status (both
P <0.001).

Independent association of promoter methyla-
tion and immune infiltration with C3 expres-
sion

Because complement components may reflect
immune cell infiltration within the TME, we next
examined whether the association between
promoter methylation and C3 expression could
be explained by differences in immune compo-
sition. An ssGSEA-derived immune score was
calculated after excluding C3 from the comple-
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sis of pathways negatively
associated with C3 expression

To explore the biological pathways associat-
ed with reduced C3 expression, we performed
Gene Set Enrichment Analysis (GSEA) using
the Hallmark gene sets ranked by Spearman
correlation with C3 expression in TCGA-PRAD.
Instead of dividing samples into C3 high and
low groups, genes were ranked according to
their correlation with C3 expression.

Six Hallmark pathways were significantly en-
riched among genes negatively correlated with
C3 expression (FDR < 0.05; Supplementary
Table 2). The most prominent pathway was
HALLMARK_MYC_TARGETS_V2 (normalized en-
richment score (NES) = -2.60, FDR < 0.001), fol-
lowed by HALLMARK_ANDROGEN_RESPONSE
(NES = -2.19, FDR < 0.001). Additional signi-
ficantly enriched pathways included HALL-
MARK_UNFORLDED_PROTEIN_RESPONSE,
HALLMARK_PROTEIN_SECRETION, HALLMA-
RK_PEROXISOME, and HALLMARK_CHOLES-
TEROL_HOMEOSTASIS (Figure 4 and Supple-
mentary Tables 2, 3). These results suggest
that reduced C3 expression is associated with

Am J Clin Exp Urol 2026;14(5):204-214



Epigenetic suppression of C3 in prostate cancer

HALLMARK MYC TARGETS V2 J
p.adjust
HALLMARK ANDROGEN RESPONSE 1 () 0.025
0.050
0.075
HALLMARK PEROXISOME @) 0.100
HALLMARK UNFOLDED PROTEIN RESPONSE - @) Count
O 30
O s
HALLMARK CHOLESTEROL HOMEOSTASIS ® O
O
HALLMARK PROTEIN SECRETION T

03 04 05 06
GeneRatio

Figure 4. Hallmark pathways negatively associated with C3 expression in TC-
GA-PRAD. Dot plot showing Hallmark gene sets significantly enriched among
genes negatively correlated with C3 expression in TCGA-PRAD. Gene sets
were ranked by Spearman correlation with C3 expression and analyzed by
Gene Set Enrichment Analysis (GSEA). Only pathways with negative normal-
ized enrichment scores are displayed. The x-axis represents the GeneRatio,
defined as the proportion of genes within each pathway contributing to the
enrichment signal. Dot size shows the number of contributing genes, and
color represents the false discovery rate (FDR)-adjusted p value (p.adjust).
TCGA-PRAD, The Cancer Genome Atlas prostate adenocarcinoma.
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Figure 5. C3 Expression in Benign and Malignant Prostate Cell Lines. C3
expression in benign and malignant prostate cell lines. A. Relative C3
messenger RNA (mRNA) expression in benign prostate epithelial cell lines
(BHPrE1 and BPH-1) and malignant prostate cell lines (LNCaP and C4-2).
Expression levels were normalized to BHPrE1 and are shown relative to BH-
PrE1 = 1.0. Data are shown as mean * standard deviation (SD) from three
independent experiments. The y-axis is shown with a break to improve visu-
alization of low-expression groups. Statistical analysis was performed using
one-way analysis of variance (ANOVA) with multiple comparisons. **P <
0.01, ****P < 0.0001. B. Representative Western blot showing C3 protein
expression in the indicated cell lines, with a-tubulin as a loading control (50
kDa). The asterisk indicates the upper band corresponding to putative full-
length C3 (187 kDa). Densitometric quantification was performed for the
upper C3 band corresponding to putative full-length C3. C3 band intensi-
ties were background-subtracted, normalized to a-tubulin, and expressed
relative to BHPrE1.

MYC-driven transcriptional programs, andro-
gen signaling, and metabolic pathways in pros-
tate cancer.

Reduced C3 expression in
prostate cancer cell lines

To further examine C3 expres-
sion at the cellular level, we
evaluated C3 expression in
benign and malignant prosta-
te cell lines. C3 mRNA expres-
sion was significantly reduced
in BPH-1, LNCaP, and C4-2
cells compared with BHPrE1
cells (adjusted P = 0.0029, P <
0.0001, P < 0.0001, respec-
tively; Figure 5A). Consistent
with the mRNA findings, west-
ern blot analysis also showed
reduced C3 protein expression
in LNCaP and C4-2 cells rela-
tive to BHPrEl cells (Figure
5B). Interestingly, the immor-
talized benign prostatic epi-
thelial cell line BPH-1, which is
often used as a model of non-
malignant prostatic epithelial
cells or precursor of prostate
cancer [27], also showed re-
duced C3 expression compar-
ed with BHPrE1, an immortal-
ized prostatic epithelial cells
capable of regenerating be-
nign secretory ductal-acinar
architecture in vivo [28], al-
though not to the same extent
as the prostate cancer cell
lines (Figure 5A). These find-
ings suggest that C3 downre-
gulation is prominent in pros-
tate cancer cells, while partial
reduction may also be present
in some non-malignant pros-
tatic epithelial cells.

Discussion

In this study, we found that
multiple complement factors
were differentially expressed
among normal, primary tumor,
and metastatic samples, sug-
gesting that complement dys-
regulation is associated with
clinical states of prostate can-

cer. Among these factors, C3 showed the most
consistent decrease across datasets and was
associated with promoter methylation inde-
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pendently of immune-related variation. These
findings suggest that C3 downregulation in
prostate cancer may reflect both immune-re-
lated variation in the tumor microenvironment
and epigenetic regulation associated with pro-
moter methylation.

Complement dysregulation across disease
states in prostate cancer

Across two independent datasets, we observed
consistent alterations in multiple complement
components in prostate cancer. Classical pa-
thway components, including C2 and C4, were
upregulated in primary tumors compared with
normal tissues in both TCGA-PRAD and GSE-
21032, but their expression declined in meta-
static lesions. Similarly, C3 and C7 were sig-
nificantly reduced in tumor tissues relative to
normal prostate in TCGA and showed fur-
ther downregulation in metastatic samples in
GSE21032. Taken together, these findings sug-
gest that metastatic prostate cancer is charac-
terized by reduced expression of several com-
plement components.

In our analysis of the publicly available datas-
ets, not all complement components showed
consistent transcriptional alterations across
disease states. In particular, C5 expression
did not change significantly at the mRNA level
across the datasets analyzed in this study.
Nevertheless, previous studies have demon-
strated that C5a signaling enhances prostate
cancer cell proliferation, invasion, and pro-
grammed death-ligand 1 (PD-L1) expression
[9, 29]. This suggests that complement activity
may be regulated at levels beyond transcrip-
tion, including ligand cleavage and receptor-
mediated signaling.

Consistent with the transcriptomic findings, C3
expression was also reduced in prostate can-
cer cell lines at both the mRNA and protein lev-
els. The detection of C3 in benign prostatic
epithelial cells supports that C3 expression in
bulk tissue datasets may reflect not only non-
epithelial components such as infiltrating im-
mune cells, but also prostatic epithelial cells
themselves. Partial reduction in BPH-1 cells
further suggests that C3 downregulation may
not be entirely restricted to malignant cells.

Distinct regulatory patterns of C3 and C7

DNA promoter methylation is a well-established
mechanism of transcriptional silencing in can-
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cer [30]. Complement components can be pro-
duced by both tumor and infiltrating immune
cells [31], raising the possibility that differenc-
es in immune composition may influence bulk
tumor expression profiles. After adjustment for
immune infiltration, promoter methylation re-
mained independently associated with C3 ex-
pression, suggesting that epigenetic regulation
contributes to C3 downregulation in prostate
cancer. To our knowledge, this relationship has
not been systematically examined in prostate
cancetr.

In contrast, C7 showed no significant associa-
tion with promoter methylation in multivariable
analyses. Instead, C7 expression was indepen-
dently associated with both immune score and
tumor status. Previous studies have described
C7 as an immune-related biomarker in prostate
cancer [32], and androgen-regulated stromal
expression of C7 has been reported to sup-
press prostate cancer growth [33]. Together,
these findings suggest that C7 expression may
reflect microenvironmental variation rather th-
an epigenetic silencing within tumor cells.

Low C3 expression is associated with MYC-
driven and androgen-responsive transcrip-
tional programs

GSEA analysis revealed that reduced C3
expression was significantly associated with
MYC target gene sets and androgen receptor
(AR) pathways. MYC and AR are major drivers of
prostate cancer progression and tumor pro-
liferation [3, 18]. In addition, the unfolded pro-
tein response (UPR) pathway was enriched in
tumors with low C3 expression. UPR reflects
endoplasmic reticulum (ER) stress and in-
creased protein synthesis demand, which are
commonly observed in rapidly proliferating tu-
mors [34, 35]. These findings suggest that
reduced C3 expression may be associated with
transcriptional programs characteristic of pro-
liferative and aggressive tumor states. Althou-
gh the present data do not establish causality,
reduced C3 expression may mark a transcrip-
tional state associated with tumor aggressive-
ness in prostate cancer.

Limitations
Several limitations of this study should be

acknowledged. First, this study was based on
publicly available transcriptomic and methyla-
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tion datasets derived from bulk tumor samples.
Although we adjusted for immune infiltration to
account for differences in cellular composition,
bulk transcriptomic data cannot fully distin-
guish tumor-intrinsic expression from signals
generated from other cell types. Second, this
study was an observational analysis. The rela-
tionships between C3 expression, promoter
methylation, and proliferative transcriptional
programs should be interpreted as associa-
tions rather than evidence of causality. Fun-
ctional studies are needed to determine whe-
ther promoter methylation directly contributes
to C3 downregulation. Finally, mRNA expres-
sion does not necessarily reflect complement
activity in tumor tissue. C3 activation also de-
pends on protein cleavage, receptor signaling,
and local conditions within the tumor microen-
vironment.

Conclusion

C3 is downregulated in prostate cancer and is
associated with promoter methylation and im-
mune context. These findings suggest that C3
dysregulation reflects both tumor-intrinsic epi-
genetic regulation and the tumor microenviron-
ment, supporting further investigation of its
role in prostate cancer progression.
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Supplementary Table 1. Multivariable linear regression analysis of C3 expression restricted to tumor
samples

Gene Variable B (Estimate) Standard Errors tvalue p-value
C3 Promoter methylation -0.99 0.42 -2.34 0.020
Immune score 1.15 0.04 27.89 <0.001

Model adjusted R? = 0.630. The immune score was calculated using single-sample Gene Set Enrichment Analysis (ssGSEA) after
excluding the gene of interest from the complement gene. B coefficients, standard errors, t values, p-values, and model-adjusted
R? are shown.

Supplementary Table 2. Hallmark gene sets negatively enriched according to Spearman correlation
with C3 expression in TCGA-PRAD

Description setSize NES p value p.adjust
HALLMARK_MYC_TARGETS_V2 57 -2.598 9.46E-09 2.91E-08
HALLMARK_ANDROGEN_RESPONSE 97 -2.191 3.47E-08 9.32E-08
HALLMARK_UNFOLDED_PROTEIN_RESPONSE 105 -1.921 8.01E-07 1.86E-06
HALLMARK_PROTEIN_SECRETION 95 -1.361 0.0138 0.0212
HALLMARK_PEROXISOME 101 -1.203 0.0375 0.0556
HALLMARK_CHOLESTEROL_HOMEOSTASIS 72 -1.194 0.091 0.125

Supplementary Table 3. Leading-edge genes for significantly enriched Hallmark pathways

Pathway NES FDR Gene
HALLMARK_MYC_TARGETS_V2 -2.612E+00 7.314E-09 PRMT3
HALLMARK_MYC_TARGETS_V2 -2.612E+00 7.314E-09 PES 1.00
HALLMARK_MYC_TARGETS_V2 -2.612E+00 7.314E-09 SUPV3L1
HALLMARK_MYC_TARGETS_V2 -2.612E+00 7.314E-09 CBX3
HALLMARK_MYC_TARGETS_V2 -2.612E+00 7.314E-09 RABEPK
HALLMARK_MYC_TARGETS_V2 -2.612E+00 7.314E-09 IMP4
HALLMARK_MYC_TARGETS_V2 -2.612E+00 7.314E-09 NOP56
HALLMARK_MYC_TARGETS_V2 -2.612E+00 7.314E-09 SORD
HALLMARK_MYC_TARGETS_V2 -2.612E+00 7.314E-09 NOLC1
HALLMARK_MYC_TARGETS_V2 -2.612E+00 7.314E-09 NOC4L
HALLMARK_MYC_TARGETS_V2 -2.612E+00 7.314E-09 CDK4
HALLMARK_MYC_TARGETS_V2 -2.612E+00 7.314E-09 UNG
HALLMARK_MYC_TARGETS_V2 -2.612E+00 7.314E-09 TBRG4
HALLMARK_MYC_TARGETS_V2 -2.612E+00 7.314E-09 LAS1L
HALLMARK_MYC_TARGETS_V2 -2.612E+00 7.314E-09 RRP12
HALLMARK_MYC_TARGETS_V2 -2.612E+00 7.314E-09 PPAN
HALLMARK_MYC_TARGETS_V2 -2.612E+00 7.314E-09 NOP2
HALLMARK_MYC_TARGETS_V2 -2.612E+00 7.314E-09 WDR74
HALLMARK_MYC_TARGETS_V2 -2.612E+00 7.314E-09 NPM1
HALLMARK_MYC_TARGETS_V2 -2.612E+00 7.314E-09 IPO4
HALLMARK_MYC_TARGETS_V2 -2.612E+00 7.314E-09 MYBBP1A
HALLMARK_MYC_TARGETS_V2 -2.612E+00 7.314E-09 RRPO
HALLMARK_MYC_TARGETS_V2 -2.612E+00 7.314E-09 SRM
HALLMARK_MYC_TARGETS_V2 -2.612E+00 7.314E-09 EXOSC5
HALLMARK_MYC_TARGETS_V2 -2.612E+00 7.314E-09 NOP16
HALLMARK_MYC_TARGETS_V2 -2.612E+00 7.314E-09 PA2G4
HALLMARK_MYC_TARGETS_V2 -2.612E+00 7.314E-09 MRTO4
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