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Abstract: Objectives: This study aims to evaluate Succinate Dehydrogenase Complex Flavoprotein Subunit A (SDHA) 
expression across various breast cancer subtypes, its prognostic significance, and the impact of SDHA knockdown 
on breast cancer cell functions. Methods: To assess SDHA expression in breast cancer, we utilized multiple publicly 
available databases. Prognostic significance was also evaluated using relevant databases. Methylation status, and 
enrichment analysis were performed using the GSCA database. The mutational status of SDHA was examined using 
cBioPortal, and its relationship with immune infiltration and drug sensitivity was assessed. Functional assays, in-
cluding cell proliferation, colony formation, wound healing, and SDHA knockdown, were performed using MCF-7 and 
SKBR3 breast cancer cell lines. Results: Our results showed that SDHA was significantly overexpressed in breast 
cancer tissues compared to normal tissues. High SDHA expression was correlated with worse survival in breast 
cancer patients. Pathological stage analysis revealed that SDHA expression increased as the disease progressed, 
with lower methylation levels in tumor tissues suggesting epigenetic regulation of its expression. Functionally, SDHA 
knockdown in MCF-7 and SKBR3 cells led to significant reductions in cell proliferation, colony formation, and migra-
tion, highlighting its role in supporting breast cancer cell growth and metastasis. Conclusion: SDHA was upregulated 
in breast cancer and associated with poor prognosis. Our findings also suggest that SDHA plays a crucial role in 
promoting breast cancer cell growth and migration, indicating its therapeutic potential. Targeting SDHA could pro-
vide a novel strategy for breast cancer treatment, particularly in overcoming chemoresistance and inhibiting tumor 
progression.
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Introduction

Breast cancer is one of the most common and 
deadly cancers globally, representing a signifi-
cant health burden, particularly for women [1, 
2]. It is estimated that 1 in 8 women will be 
diagnosed with breast cancer during their life-
time, and the disease accounts for approxi-
mately 25% of all cancer cases and 15% of 

cancer-related deaths worldwide [3, 4]. Althou- 
gh the survival rates for early-stage breast can-
cer have improved significantly due to advances 
in screening, early detection, and personalized 
treatments, metastatic breast cancer remains 
a leading cause of cancer-related mortality [5]. 
The molecular landscape of breast cancer is 
highly complex and heterogeneous, encom-
passing multiple subtypes with distinct genetic, 
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molecular, and clinical characteristics [6, 7]. 
These subtypes, such as luminal A, luminal B, 
HER2-positive, and triple-negative breast can-
cer (TNBC), differ in their prognosis and res- 
ponse to treatment [8], emphasizing the need 
for more precise diagnostic and therapeutic 
strategies tailored to the unique features of 
each subtype.

The pathogenesis of breast cancer involves a 
combination of genetic mutations, epigenetic 
changes, and environmental factors [9, 10]. 
Genetic predispositions, such as mutations in 
the BRCA1 and BRCA2 genes, increase the risk 
of developing breast cancer [11]. Hormonal fac-
tors, including prolonged exposure to estrogen, 
and environmental influences such as lifestyle 
choices (diet, physical activity, alcohol use) also 
contribute to disease development [12]. Des- 
pite extensive research into these factors, 
there is still much to be learned about the 
molecular mechanisms driving tumorigenesis, 
particularly those related to the cellular metab-
olism and energy regulation that are now recog-
nized as key components in cancer progression 
[13, 14].

One such molecular pathway gaining attention 
is the role of Succinate Dehydrogenase 
Complex Flavoprotein Subunit A (SDHA), a criti-
cal enzyme in the mitochondrial respiratory 
chain and the citric acid cycle [15-17]. SDHA 
plays a pivotal role in cellular energy produc-
tion, linking the tricarboxylic acid cycle to the 
electron transport chain, and its function is 
essential for mitochondrial respiration and cel-
lular homeostasis [18]. In normal cells, SDHA 
ensures efficient energy production, but in can-
cer cells, metabolic reprogramming often leads 
to altered SDHA activity, contributing to tumor 
growth and metastasis [19]. While mutations 
and dysregulations in SDHA have been exten-
sively studied in other cancers such as pheo-
chromocytomas, paragangliomas, and gastro-
intestinal stromal tumors [20], the role of SDHA 
in breast cancer has not been thoroughly 
explored.

Recent research indicates that cellular metabo-
lism is intricately linked to tumorigenesis [21, 
22], with metabolic shifts facilitating the growth 
and survival of cancer cells in hostile environ-
ments [23, 24]. SDHA, as a central player in 
oxidative phosphorylation and cellular metabo-
lism, may influence how breast cancer cells 
adapt to hypoxic and nutrient-deprived condi-

tions, common features of solid tumors [25]. 
Furthermore, studies have suggested that 
mutations or alterations in SDHA expression 
could affect cancer cell behavior, including 
migration, invasion, and resistance to therapy 
[26]. However, its specific impact on breast 
cancer progression, prognosis, and treatment 
response remains largely unknown.

Given these gaps in knowledge, our study aims 
to explore the diagnostic, prognostic, and ther-
apeutic significance of SDHA in breast cancer. 
Through bioinformatics analysis and experi-
mental validation [27], we aim to identify the 
expression patterns and genetic alterations of 
SDHA in breast cancer tissues compared to 
normal breast tissues. We will investigate how 
these alterations correlate with key clinical 
parameters such as disease stage, metastasis, 
and overall survival. Additionally, the study will 
assess the potential of SDHA as a prognostic 
biomarker and therapeutic target, exploring 
how modulating SDHA expression or activity 
might affect the growth and treatment response 
of breast cancer cells. This study addresses a 
critical gap in breast cancer research by linking 
SDHA dysregulation to cancer progression and 
providing evidence for its potential as a novel 
therapeutic target. By elucidating the role of 
SDHA in breast cancer biology, we hope to 
uncover new insights into its metabolic contri-
butions to tumorigenesis and propose strate-
gies to enhance breast cancer treatment 
through targeted modulation of SDHA activity. 
Ultimately, our research aims to improve diag-
nostic precision, prognostic accuracy, and ther-
apeutic outcomes for breast cancer patients, 
particularly those with more aggressive or met-
astatic forms of the disease.

Methodology

Expression analysis of SDHA in breast cancer

To assess the expression levels of SDHA across 
breast cancer and other cancer types, we uti-
lized publicly available databases, including 
TIMER2, HPA, and TISIDB. TIMER2 (https://cis-
trome.shinyapps.io/timer/) is a comprehensive 
web tool that provides immune cell infiltration 
data across various tumor types, including 
breast cancer, based on gene expression pro-
files from multiple sources [28]. TIMER2 allows 
for pan-cancer analysis and facilitates the 
exploration of tumor-associated immune land-
scapes. The RNA sequencing data used in 
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TIMER2 were processed and normalized to 
ensure comparability across different datas-
ets. Specifically, raw read counts were convert-
ed into fragments per kilobase per million 
(FPKM), which were then transformed into tran-
scripts per million (TPM) for gene expression 
quantification. Following this, a log2 transfor-
mation was applied to ensure a more normal-
ized distribution and to reduce the skewness in 
the data. For immunohistochemical analysis, 
the HPA database (https://www.proteinatlas.
org/) was utilized, offering tissue-specific pro-
tein expression data from a wide variety of 
human tissues and cancer types. This resource 
provides information about the expression of 
proteins in normal versus tumor tissues, 
enabling us to investigate SDHA expression in 
both normal and breast cancer tissues [29]. To 
explore the expression of SDHA across immune 
and molecular subtypes of breast cancer, we 
used the TISIDB (http://cis.hku.hk/TISIDB/), 
which integrates information on immune cell 
infiltration and molecular subtypes across dif-
ferent cancers. TISIDB provides a comprehen-
sive platform for the exploration of gene expres-
sion data, particularly in relation to tumor 
immunity and subtype-specific molecular char-
acteristics [30]. The violin plots from TISIDB 
allowed us to compare SDHA expression across 
breast cancer subtypes, including Basal, Her2, 
LumA, and LumB, to understand its role in vari-
ous molecular contexts.

Prognostic significance of SDHA

To evaluate the prognostic significance of SDHA 
expression in breast cancer, we performed sur-
vival analysis using publicly available data from 
the Kaplan-Meier (KM) plotter and GENT2 data-
bases. The KM plotter tool (http://kmplot.com/
analysis/) is an online resource that provides 
Kaplan-Meier survival curves for gene expres-
sion data in multiple cancers, including breast 
cancer [31]. This tool allows for the analysis of 
overall survival (OS) and disease-free survival 
(DFS) by stratifying patients based on their 
gene expression levels. We used this tool to 
generate Kaplan-Meier curves for high and low 
SDHA expression in breast cancer, with statisti-
cal significance determined using the log-rank 
test.

For further validation, we used the GENT2 data-
base (https://gent2.applab.gist.ac.kr/) to per-
form a meta-analysis of SDHA expression 

across multiple independent breast cancer 
datasets. The GENT2 database provides 
access to gene expression data and survival 
outcomes from a large cohort of breast cancer 
patients, enabling robust survival analysis [32]. 
Using the GENT2 database, we generated for-
est plots to assess the pooled hazard ratio (HR) 
and confidence interval (CI) for OS and DFS 
across different studies, further supporting the 
findings obtained from KM plotter analysis.

Pathological stage-specific expression, meth-
ylation, and enrichment analysis of SDHA

To explore the expression of SDHA across dif-
ferent pathological stages, its methylation sta-
tus, and the associated Gene Set Enrichment 
Analysis (GSEA) of SDHA in breast cancer, we 
utilized the GSCA database (http://bioinfo.life.
hust.edu.cn/GSCA/). The GSCA database pro-
vides comprehensive genomic, transcriptomic, 
and methylation data across various cancer 
types, including breast cancer [33]. The data-
base allows for the examination of gene expres-
sion and its relationship with different clinical 
and molecular characteristics, providing valu-
able insights into the role of SDHA in cancer 
progression.

Genetic alteration analysis of SDHA

To investigate the mutational and copy num- 
ber variation (CNV) status of SDHA in breast 
cancer, we utilized the cBioPortal database 
(https://www.cbioportal.org/), which provides 
comprehensive genomic data from various can-
cer studies, including breast cancer. The cBio-
Portal database integrates multiple types of 
genomic data, such as single nucleotide vari-
ants (SNVs), copy number alterations (CNAs), 
and mutation frequency, allowing for detailed 
analysis of gene mutations and their potential 
impact on cancer progression [34].

Immune infiltration and drug sensitivity analy-
sis of SDHA

To investigate the relationship between SDHA 
expression and immune cell infiltration as well 
as drug sensitivity in breast cancer, we utilized 
the GSCA database. GSCA integrates compre-
hensive genomic data, including gene expres-
sion, immune infiltration scores, and drug sen-
sitivity data across various cancer types [33]. 
This database allows for an in-depth explora-
tion of gene expression patterns and their 
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impact on tumor immunology and therapeutic 
responses.

Protein-protein interaction (PPI) network 
construction and gene enrichment analysis of 
SDHA-associated partners

The GeneMANIA database (http://genemania.
org/) was used to construct the PPI network of 
SDHA. GeneMANIA generates PPI networks 
based on a variety of data sources, including 
co-expression, protein interaction, and func-
tional association data, allowing us to explore 
the key binding partners of SDHA [35]. For  
gene enrichment analysis, we utilized the DAVID 
tool (https://david.ncifcrf.gov/) to perform a 
detailed functional enrichment analysis of 
SDHA and its associated proteins. DAVID pro-
vides functional annotation of genes based on 
gene ontology (GO) terms, biological pathways, 
and cellular components [36].

Cell lines and SDHA knockdown

MCF-7 and SKBR3 breast cancer cell lines were 
obtained from the American Type Culture 
Collection (ATCC). These cell lines are common-
ly used in breast cancer research due to their 
well-documented characteristics and relevance 
to human breast cancer biology. The MCF-7 cell 
line, derived from a human breast adenocarci-
noma, is estrogen receptor-positive (ER+) and 
has been widely used to study hormone-
responsive breast cancer. The SKBR3 cell line, 
derived from a human breast carcinoma over-
expressing the HER2 receptor, is an important 
model for studying HER2-positive breast can-
cer. Both cell lines were authenticated by ATCC 
through short tandem repeat (STR) profiling, 
ensuring their identity and purity. Both cell lines 
were maintained at low passage numbers 
(below passage 20) to avoid phenotypic drift, 
which could affect experimental reproducibility. 
MCF-7 and SKBR3 cells were cultured in RPMI-
1640 medium (Gibco, Thermo Fisher Scientific) 
supplemented with 10% fetal bovine serum 
(FBS) (Gibco, Thermo Fisher Scientific), 1%  
penicillin-streptomycin (Gibco, Thermo Fisher 
Scientific), and 2 mM L-glutamine (Gibco, 
Thermo Fisher Scientific) under standard con- 
ditions of 37°C and 5% CO2. Medium was 
changed every 2-3 days, and cells were subcul-
tured at approximately 80-90% confluence 
using 0.25% trypsin-EDTA (Gibco, Thermo Fi- 
sher Scientific).

SDHA siRNA (catalog number: AM16708, 
Thermo Fisher Scientific) was used for gene 
silencing. Transfection of siRNA was performed 
using Lipofectamine RNAiMAX (Thermo Fisher 
Scientific), following the manufacturer’s instruc-
tions, to ensure efficient delivery of siRNA into 
cells.

Confirmation of SDHA knockdown

To confirm the successful knockdown of SDHA 
expression, RNA extraction was performed 
using TRIzol reagent (Thermo Fisher Scientific), 
following the manufacturer’s instructions. The 
quality and quantity of the RNA were deter-
mined using a NanoDrop spectrophotometer 
(Thermo Fisher Scientific), and cDNA synthesis 
was carried out using the SuperScript IV First-
Strand Synthesis System (Thermo Fisher 
Scientific). For reverse transcription quantita-
tive PCR (RT-qPCR), SYBR Green Master Mix 
(Thermo Fisher Scientific) was used to detect 
SDHA mRNA levels on Bio-Rad CFX96 Real-
Time System (Bio-Rad). For the normalization of 
SDHA expression, GAPDH was used as an inter-
nal. Data were collected and analyzed using the 
ΔΔCt method. Experiments were performed in 
triplicates. The following primers were used for 
the amplification of SDHA and GAPDH: SDHA 
forward primer: 5’-GAGATGTGGTGTCTCGGTCC- 
AT-3’; SDHA reverse primer: 5’-GCTGTCTCTGA- 
AATGCCAGGCA-3’; GAPDH forward primer: 5’- 
GTCTCCTCTGACTTCAACAGCG-3’; GAPDH rever- 
se primer: 5’-ACCACCCTGTTGCTGTAGCCAA-3’.

Additionally, Western blotting was performed  
to assess SDHA protein levels. Protein was 
extracted from cells using RIPA buffer (Thermo 
Fisher Scientific) containing protease inhibi-
tors. The protein concentration was determined 
using the BCA Protein Assay Kit (Thermo Fisher 
Scientific 23225). SDS-PAGE was performed 
using 4-12% Bis-Tris gels (Thermo Fisher Sci- 
entific), and the proteins were transferred to 
PVDF membranes (Thermo Fisher Scientific). 
The membranes were blocked with 5% non-fat 
milk in PBS-T (0.1% Tween 20) for 1 hour at 
room temperature. The membranes were incu-
bated with primary antibodies against SDHA 
(Thermo Fisher Scientific, dilution 1:1000) and 
GAPDH (Cell Signaling Technology, dilution 
1:5000) overnight at 4°C. After washing, the 
membranes were incubated with the appro- 
priate HRP-conjugated secondary antibodies 
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(Thermo Fisher Scientific, dilution 1:2000). 
Chemiluminescence was detected using the 
Clarity Western ECL Substrate (Bio-Rad), and 
images were captured using the Gel Docu- 
mentation System (Bio-Rad Chemidoc XRS+).

Proliferation assay

To evaluate the effect of SDHA knockdown on 
cell proliferation, a cell viability assay was per-
formed using the CellTiter 96 AQueous One 
Solution Cell Proliferation Assay (Promega). 
Briefly, 5 × 103 cells per well were seeded in 
96-well plates and incubated for 24, 48, and 
72 hours post-transfection. Absorbance at 490 
nm was measured using a microplate reader to 
quantify cell proliferation. The results were ana-
lyzed to determine the effect of SDHA knock-
down on cell growth. Experiments were per-
formed in triplicates.

Colony formation assay

To assess the impact of SDHA knockdown on 
colony formation, 500 cells were seeded in 
6-well plates and allowed to grow for 10-14 
days. Colonies were fixed with methanol and 
stained with crystal violet (Sigma-Aldrich). 
Colonies were counted, and the results were 
presented as the average number of colonies 
per well. The colony formation ability of si-
SDHA-treated cells was compared to control 
siRNA-treated cells. Experiments were per-
formed in triplicates.

Wound healing assay

To evaluate the effect of SDHA knockdown on 
cell migration, we performed a wound healing 
assay. MCF-7 and SKBR3 cells were seeded in 
6-well plates and grown to confluence. A wound 
was introduced using a p200 pipette tip, and 
the cells were then treated with either si-SDHA 
or control siRNA. The cells were cultured in 
serum-free medium (Thermo Fisher Scientific) 
to promote migration. Images were taken at 0 
hour and 24 hours post-wounding using a Zeiss 
microscope, and the wound closure rate was 
calculated by measuring the gap size at each 
time point. Experiments were performed in 
triplicates.

Statistics

Statistical analyses were performed using 
Student’s t-test for comparisons between two 

groups. For experiments involving more than 
two groups, one-way ANOVA followed by Tukey’s 
post-hoc test was used to determine statistical 
significance. Kaplan-Meier survival curves were 
analyzed using the log-rank test to assess  
differences in survival between high and low 
SDHA expression groups. Hazard ratios (HR) 
and 95% confidence intervals (CI) were calcu-
lated for survival analysis. All experiments were 
conducted in triplicates, and statistical analy-
ses were performed using GraphPad Prism 8 
(GraphPad Software, Inc., San Diego, CA). P* < 
0.05, P** < 0.01, and P*** < 0.001 were con-
sidered statistically significant.

Results

Expression analysis of SDHA in breast cancer 
across tumor, immune, and molecular sub-
types

Firstly, we evaluated the expression levels of 
SDHA across a range of cancers, with a particu-
lar focus on breast cancer. Figure 1A presents 
a pan-cancer expression analysis of SDHA 
across various tumor types using the TIMER2 
database. The boxplot indicates that SDHA  
was significantly overexpressed in breast can-
cer tissues compared to normal breast tissues, 
with a notable statistical significance (P < 
0.001) (Figure 1A). Figure 1B shows the immu-
nohistochemical staining of SDHA using the 
HPA database, with images from normal and 
breast cancer tissues. The immunohistochemi-
cal staining results clearly reveal a higher 
expression of SDHA in breast cancer samples 
compared to normal breast samples, with vary-
ing intensities (medium in normal breast tissue, 
high in breast cancer tissues) (Figure 1B). 
Figure 1C explores the expression of SDHA 
across immune subtypes of breast cancer 
using the TISIDB database. The violin plot illus-
trates distinct expression patterns of SDHA in 
different immune subtypes of breast cancer. 
Specifically, SDHA expression is shown to vary 
across immune subtypes, with Basal subtype 
exhibiting the highest expression levels, fol-
lowed by Her2 and LumA subtypes (Figure 1C). 
Furthermore, Figure 1D investigates SDHA 
expression across different molecular subtypes 
of breast cancer, such as Basal, Her2, LumA, 
LumB, and Normal using the TISIDB database. 
The plot demonstrates that SDHA expression 
was notably higher in Basal and Her2 subtypes, 
with significant differences (P < 0.001) com-
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Figure 1. Expression analysis of Succinate Dehydrogenase Complex Flavoprotein Subunit A (SDHA) across tumor, immune, and molecular subtypes of breast can-
cer. A. Pan-cancer expression analysis of SDHA across various tumor types using the TIMER2 database. B. Immunohistochemical staining of SDHA using the HPA 
database. C. Expression of SDHA across immune subtypes of breast cancer using the TISIDB database. D. SDHA expression across different molecular subtypes of 
breast cancer. P** < 0.01 and P*** < 0.001.
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pared to the Normal and LumA/LumB subtypes 
(Figure 1D).

Prognostic significance of SDHA expression in 
breast cancer

In this section, we presented the survival analy-
sis results of SDHA expression in breast can-
cer, focusing on both OS and DFS. Figure 2A 
illustrated the OS analysis of SDHA using the 
KM plotter tool, where Kaplan-Meier survival 
curves for high and low SDHA expression were 
shown. The results indicated that high SDHA 
expression was associated with significantly 
worse OS outcomes (HR = 1.3, 95% CI = 1.03-
1.64, log-rank P = 0.024) (Figure 2A). Figure 2B 
presented the DFS analysis of SDHA, using the 
KM plotter tool. Here, we observed that high 
SDHA expression was also associated with a 
worse DFS (HR = 1.07, 95% CI = 0.96-1.18, log-
rank P = 0.022) (Figure 2B). Figure 2C provided 
a forest plot showing the OS results from the 
GENT2 database, presenting multiple studies 
with their corresponding hazard ratios (HR), 
confidence intervals (95% CI), and weights. 
Most of the studies reviewed indicated a posi-
tive association between SDHA expression  
and worse OS, with the majority of the studies 
showing a HR > 1, signifying that higher SDHA 
expression correlated with poorer survival out-
comes. The combined hazard ratio from the 
fixed effect model was 1.75 (95% CI: 1.18-
2.59), further confirming SDHA as a strong pre-
dictor of worse overall survival in breast cancer 
(Figure 2C). Figure 2D presented the DFS 
results from the GENT2 database, which again 
showed consistent findings. The hazard ratios 
across different studies ranged from 1.22 to 
1.91, indicating that higher SDHA expression 
correlated with a higher risk of disease recur-
rence. The combined hazard ratio for DFS was 
1.75 (95% CI: 1.18-2.59), and the overall weight 
distribution of studies further supported the 
significance of SDHA as a predictor of DFS 
(Figure 2D).

Pathological stage-specific expression, meth-
ylation, and enrichment analysis of SDHA in 
breast cancer

Next, we provide an in-depth analysis of the 
gene expression across pathological stages, 
methylation status, and enrichment of SDHA in 
breast cancer tissues compared to normal tis-

sues using GSCA database. Figure 3A, 3B pres-
ents SDHA mRNA expression across various 
pathological stages of breast cancer, showing 
that SDHA expression increases significantly as 
the disease progresses from Stage I to Stage IV 
(p-values indicated) (Figure 3A, 3B). Figure 3C 
demonstrates SDHA methylation levels across 
normal and breast cancer tissues. The plot 
reveals that SDHA methylation was significantly 
lower in breast cancer tissues compared to nor-
mal tissues (P = 4.9e-07), indicating that hypo-
methylation of SDHA may contribute to its over-
expression in cancer (Figure 3C). Figure 3D 
shows a negative correlation between SDHA 
methylation and SDHA expression in breast 
cancer (correlation coefficient = -0.1), suggest-
ing that decreased methylation leads to 
increased expression of SDHA. This relation-
ship is statistically significant (FDR = 9.8e-03) 
(Figure 3D), supporting the idea that epigenetic 
regulation plays a key role in modulating SDHA 
levels. Figure 3E illustrates the results from 
GSEA analysis, showing that SDHA-related 
pathways are significantly enriched in breast 
cancer development (Figure 3E).

Mutational and CNV analysis of SDHA in 
breast cancer

In this section, we present the mutational and 
CNV analysis results of SDHA in breast can- 
cer using the cBioPortal database. Figure 4A 
shows the SNV percentage heatmap of SDHA in 
breast cancer. The heatmap indicates that 
SDHA has a relatively low mutation frequency 
of 4% in breast cancer (Figure 4A). Figure 4B 
provides a detailed breakdown of the mutation-
al types and variant classifications for SDHA. 
The data reveals that most mutations are mis-
sense mutations (green), with a few frame shift 
deletions (blue) (Figure 4B). These results sug-
gest that missense mutations are the most 
common form of SDHA mutation in breast can-
cer, and these mutations could contribute to 
changes in SDHA function that affect cancer 
progression. Figure 4B, 4C illustrates the spe-
cific mutation types in SDHA, showing the prev-
alence of C>T transitions, which are typically 
linked to genetic instability or environmental 
factors such as exposure to carcinogens (Figure 
4B, 4C). There are no mutations in other class-
es (e.g., T>G, T>A, T>C), indicating that SDHA 
mutations in breast cancer are mostly confined 
to this specific transition type (Figure 4B, 4C). 
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Figure 4D presents the CNV analysis of SDHA 
in breast cancer. The pie chart shows that 
SDHA has a significant copy number alteration, 
with a notable proportion of heterozygous 
amplification (Hete. Amp.) (red) observed in 
breast cancer cases. This amplification could 
lead to increased SDHA expression, contribut-
ing to its overactivation in tumor cells (Figure 
4D).

Immune infiltration and drug sensitivity analy-
sis of SDHA in breast cancer

This study performed immune infiltration and 
drug sensitivity analysis of SDHA using GSCA 
database. In Figure 5A, the plot reveals that 
SDHA expression was negatively correlated 
with several immune cell types, including CD4+ 
T cells, CD8+ T cells, Th17, and Th2 cells. The 
negative correlation (blue) observed in these 
immune cells suggests that higher SDHA 
expression may be associated with lower infil-
tration of certain immune cells in the breast 
cancer microenvironment (Figure 5A). Figure 
5B presents the correlation between SDHA 
expression and the sensitivity to therapeutic 
drugs using the GDSC database via the GSCA. 
The plot indicates that SDHA expression was 
positively correlated with resistance to vari- 
ous drugs (red color represents resistance). 
Notably, drugs such as AP-24534, BHG712, 
and Dabrafenib show a strong positive correla-
tion with SDHA, suggesting that higher SDHA 
expression is associated with reduced drug 
sensitivity (Figure 5B). This highlights that 
SDHA overexpression may contribute to chemo-

resistance, making breast cancer cells less 
responsive to these specific therapeutic 
agents.

PPI network construction and gene enrichment 
analysis of SDHA-associated partners

To better understand the biological roles and 
clinical relevance of SDHA in breast cancer,  
we constructed PPI network of SDHA via 
GeneMANIA database and performed gene 
enrichment analysis of SDHA and its other 
associated partners using DAVID tool. Figure 
6A presents the PPI network of SDHA, which 
highlights its interactions with key mitochon-
drial proteins, including SDHB, SDHC, SDHD, 
and FH. Figure 6B provides evidence that SDHA 
and its associated partners were involved in 
cellular respiration and mitochondrial activity 
related cellular component terms. Figure 6C 
shows the gene molecular function enrichment 
analysis of SDHA and its binding partners. This 
analysis identifies mitochondrial respiratory 
complexes as significantly enriched, particular-
ly the Succinate-CoA ligase complex and succi-
nate dehydrogenase complex (Figure 6C). 
Figure 6D further explores the biological pro-
cesses associated with SDHA, including cellu-
lar respiration and energy derivation by oxida-
tion of organic compounds. Additionally, there 
is enrichment in purine metabolism, which is 
vital for nucleotide synthesis and cell prolifera-
tion (Figure 6D). Figure 6E presents disease-
associated pathways enriched in SDHA and its 
binding partners. The analysis reveals signifi-
cant involvement in metabolic disorders, such 

Figure 2. Prognostic significance of Succinate Dehydrogenase Complex Flavoprotein Subunit A (SDHA) expression in 
breast cancer. A. Kaplan-Meier overall survival (OS) analysis of SDHA expression in breast cancer. B. Kaplan-Meier 
disease-free survival (DFS) analysis of SDHA expression in breast cancer. C. Forest plot from the GENT2 database 
showing the OS results of SDHA in breast cancer. D. Forest plot from the GENT2 database showing DFS results of 
SDHA in breast cancer. P < 0.05.
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as non-alcoholic fatty liver disease, Parkinson’s 
disease, and Alzheimer’s disease, highlighting 
the broad relevance of SDHA in conditions 
related to mitochondrial dysfunction (Figure 
6E). These findings indicate that SDHA’s role 
extends beyond cancer metabolism and may 
influence the pathophysiology of neurodegen-
erative diseases.

Functional implications of SDHA knockdown in 
MCF-7 and SKBR3 breast cancer cell lines

To explore the functional implications of SDHA 
in MCF-7 and SKBR3 breast cancer cell lines, 
we performed a series of functional assays fol-
lowing SDHA knockdown using siRNA. The goal 
was to assess how SDHA depletion affects key 

Figure 3. Pathological stage-specific expression, methylation, and enrichment analysis of Succinate Dehydrogenase 
Complex Flavoprotein Subunit A (SDHA) in breast cancer. A, B. SDHA mRNA expression across various pathological 
stages of breast cancer. C. SDHA methylation levels in normal and breast cancer tissues. D. Negative correlation 
between SDHA methylation and SDHA expression in breast cancer. E. Gene Set Enrichment Analysis (GSEA) showing 
significant enrichment of SDHA in breast cancer development. P < 0.05.
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Figure 4. Mutational and copy number variation (CNV) analysis of Succinate Dehydrogenase Complex Flavoprotein Subunit A (SDHA) in breast cancer. A. SNV per-
centage heatmap of SDHA in breast cancer. B. Breakdown of SDHA mutation types and variant classifications. C. Specific mutation types in SDHA, showing the 
prevalence of C>T transitions. D. CNV) analysis of SDHA in breast cancer, showing significant heterozygous amplification (Hete. Amp.) in a notable proportion of 
breast cancer cases. P < 0.05.
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cellular processes involved in proliferation, col-
ony formation, and wound healing, which are 
crucial for tumor growth and metastasis. In 
both MCF-7 and SKBR3 cell lines, successful 
SDHA knockdown was confirmed at both the 
mRNA and protein levels, leading to the signifi-
cant (P < 0.01) depletion in its expression 
(Figures 7A, 7B, 8A, 8B and Supplementary 
Figure 1). Proliferation and colony formation 
assays (Figures 7C, 7D, 8C, 8D) demonstrated 
a profound impact on cell growth following 
SDHA depletion. In both MCF-7 and SKBR3 

lack of targeted therapies for certain subtypes 
underscore the need for deeper molecular 
insights into the mechanisms driving breast 
cancer progression, metastasis, and therapeu-
tic resistance [42, 43].

SDHA is a crucial component of the mitochon-
drial succinate dehydrogenase complex, which 
links the TCA cycle to the electron transport 
chain in cellular respiration [15]. SDHA plays a 
pivotal role in cellular energy production and is 
integral to maintaining metabolic homeostasis 

Figure 5. Immune infiltration and drug sensitivity analysis of Succinate Dehy-
drogenase Complex Flavoprotein Subunit A (SDHA) in breast cancer. A. Cor-
relation between SDHA expression and immune cell infiltration in breast can-
cer. B. Correlation between SDHA expression and drug sensitivity. P < 0.05.

cells, SDHA knockdown re- 
sulted in a significant reduc-
tion in cell proliferation (P < 
0.01) and colony formation (P 
< 0.01), indicating that SDHA 
is vital for sustaining cell 
growth and survival (Figures 
7C-E, 8C-E). Wound healing 
assay results (Figures 7F-H, 
8F-H) showed a significant 
decrease in cell migration af- 
ter SDHA knockdown. Wound 
closure was significantly im- 
paired in the si-SDHA-treated 
cells in both MCF-7 and 
SKBR3 cell lines (P < 0.01). 

Discussion

Breast cancer remains one of 
the most common and agg- 
ressive malignancies world-
wide, with high incidence 
rates and significant mortali-
ty, particularly due to metas-
tasis and relapse in advanced 
stages [5, 37, 38]. According 
to the American Cancer So- 
ciety, breast cancer is the 
most diagnosed cancer in 
women, accounting for ap- 
proximately 30% of all can-
cers in women globally [39]. 
Despite considerable advan- 
cements in early detection, 
chemotherapy, and targeted 
therapies, the prognosis for 
patients with advanced bre- 
ast cancer, especially those 
with metastatic or recurrent 
disease, remains poor [40, 
41]. The high variability in 
treatment response and the 
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Figure 6. PPI network construction and gene enrichment analysis of Succinate Dehydrogenase Complex Flavoprotein Subunit A (SDHA)-associated partners. A. 
PPI network of SDHA constructed via GeneMANIA database. B. Cellular component terms. C. Molecular function terms. D. Biological processes terms. E. Disease-
associated pathways enriched in SDHA and its binding partners. P < 0.05.
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[44]. In cancer cells, altered metabolism is a 
hallmark feature, known as the Warburg effect, 
where cells preferentially undergo aerobic gly-
colysis over oxidative phosphorylation, even in 

the presence of oxygen [45, 46]. This metabolic 
shift is often associated with the activation of 
specific enzymes like SDHA, which may enable 
tumor cells to adapt to the increased energy 

Figure 7. Functional implications of Succinate Dehydrogenase Complex Flavoprotein Subunit A (SDHA) knockdown 
in MCF-7 breast cancer cell line. A, B. Confirmation of SDHA knockdown at both mRNA and protein levels in MCF-7 
cells. C-E. Proliferation and colony formation assays demonstrating that SDHA knockdown in MCF-7 cells leads to 
a significant reduction in cell proliferation and colony formation. F-H. Wound healing assay results showing signifi-
cantly impaired wound closure in si-SDHA-treated MCF-7 cells. P** < 0.01.
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demands and hypoxic conditions typical of 
growing tumors. Recent studies have highlight-
ed the potential role of SDHA in various can-
cers, including gastrointestinal tumors, pheo-
chromocytomas, and paragangliomas [47, 48]. 
These studies suggest that mutations and dys-

regulation of SDHA may lead to altered meta-
bolic pathways, contributing to tumorigenesis 
and progression [49, 50]. Notably, SDHA muta-
tions have been linked to familial paraganglio-
ma syndrome, a condition that predisposes 
individuals to specific types of tumors [51]. 

Figure 8. Functional implications of Succinate Dehydrogenase Complex Flavoprotein Subunit A (SDHA) knockdown 
in SKBR3 breast cancer cell line. A, B. Confirmation of SDHA knockdown at both mRNA and protein levels in SKBR3 
cells. C-E. Proliferation and colony formation assays demonstrating that SDHA knockdown in SKBR3 cells leads to 
a significant reduction in cell proliferation and colony formation. F-H. Wound healing assay results showing signifi-
cantly impaired wound closure in si-SDHA-treated SKBR3 cells. P** < 0.01.
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However, the role of SDHA in breast cancer 
remains underexplored, and its exact contribu-
tion to the progression and prognosis of this 
disease was not fully understood prior to this 
study.

In this study, we focused on investigating the 
expression, functional significance, and thera-
peutic potential of SDHA in breast cancer. We 
performed a comprehensive analysis of SDHA 
expression across different breast cancer sub-
types using databases like TIMER2, TISIDB, 
and GSCA, alongside survival analysis tools. 
Our results indicate that SDHA was significantly 
overexpressed in breast cancer tissues com-
pared to normal breast tissues, with higher 
expression levels observed particularly in the 
Basal and Her2 molecular subtypes. These 
findings are consistent with previous studies 
showing elevated levels of SDHA in other can-
cers [47, 50, 52, 53], though our study extends 
this to breast cancer, particularly the more 
aggressive subtypes. Furthermore, our survival 
analysis indicated that high SDHA expression 
correlates with poor prognosis in breast cancer 
patients, both in terms of OS and DFS. In line 
with our results, several studies have demon-
strated that high expression of SDHA is associ-
ated with poor prognosis and therapy resis-
tance in various cancers, including gastro- 
intestinal tumors and neuroendocrine cancers. 
For instance, SDHA overexpression has been 
linked to worse clinical outcomes in gastroin-
testinal cancers and renal cell carcinoma due 
to its role in enhancing cellular metabolism and 
survival under stressful conditions [54, 55]. 
However, our findings should be interpreted 
with caution, as Kaplan-Meier survival analysis, 
which we used to assess the relationship 
between SDHA expression and prognosis, can 
be influenced by several confounding factors, 
such as patient age, tumor stage, and treat-
ment regimen. If these factors differ significant-
ly between the high and low SDHA expression 
groups, the observed survival differences may 
not be entirely attributable to SDHA expression 
levels alone. While SDHA’s role in cancer cell 
metabolism is well-established, its relationship 
with patient prognosis may vary across differ-
ent cancer types. For example, in pancreatic 
cancer, SDHA expression was found to corre-
late with better prognosis, suggesting that the 
prognostic impact of SDHA may be context-
dependent and influenced by the specific meta-

bolic pathways active in different tumors [56]. 
The role of SDHA as a potential tumor suppres-
sor or oncogene might also vary according to 
the cancer type and its underlying metabolic 
reprogramming. Therefore, further investiga-
tion is required to account for potential con-
founding variables, and future studies should 
consider multivariate survival models that 
adjust for patient demographics, tumor stage, 
and treatment history to more accurately 
assess the prognostic value of SDHA in breast 
cancer.

To explore the functional implications of SDHA 
in breast cancer, we utilized siRNA-mediated 
knockdown in MCF-7 and SKBR3 cell lines. Our 
functional assays revealed that SDHA deple-
tion significantly impaired cell proliferation, 
colony formation, and cell migration, suggest-
ing that SDHA is vital for the tumorigenic poten-
tial and metastatic capability of breast cancer 
cells. These findings align with previous studies 
in other cancer types, where SDHA inhibition 
resulted in reduced cell growth and motility [57, 
58]. Notably, our study also demonstrated that 
SDHA knockdown in MCF-7 and SKBR3 cells 
led to reduced wound closure, indicating a 
potential role of SDHA in tumor migration and 
metastasis.

Additionally, SDHA methylation and CNVs were 
analyzed in breast cancer. Our results showed 
that SDHA exhibited significant hypomethyl-
ation in breast cancer tissues, which correla- 
ted with increased expression, supporting the 
notion that epigenetic regulation plays a critical 
role in SDHA dysregulation in breast cancer 
[59-62]. Furthermore, heterozygous amplifica-
tion of SDHA was observed in a subset of breast 
cancer cases, contributing to its overexpres-
sion, which has been linked to chemoresis-
tance in several cancers [55]. This aligns with 
our findings from the drug sensitivity analysis, 
where higher SDHA expression was associated 
with resistance to multiple therapeutic agents.

The findings of this study corroborate previous 
reports in other cancer types that highlight the 
importance of SDHA in cellular metabolism, 
especially in metabolic reprogramming during 
tumorigenesis. Studies in gastrointestinal tu- 
mors and neuroendocrine tumors have shown 
that SDHA mutations or dysregulation can lead 
to altered metabolism, promoting tumor growth 
and metastasis [19]. However, our study uni- 



SDHA in breast cancer proliferation: therapeutic implications

5237	 Am J Transl Res 2025;17(7):5221-5240

quely contributes to the existing body of 
research by showing that SDHA overexpression 
in breast cancer correlates with poor prognosis 
and is associated with reduced sensitivity to 
chemotherapy, indicating that SDHA may act as 
both a diagnostic and prognostic marker. Our 
analysis also extends the role of SDHA beyond 
its metabolic function, providing evidence for 
its involvement in immune evasion and chemo-
resistance, which are critical barriers in the 
treatment of breast cancer. The negative cor-
relation between SDHA expression and immune 
cell infiltration suggests that high SDHA levels 
may suppress immune response in the tumor 
microenvironment, similar to other metabolic 
reprogramming strategies employed by cancer 
cells to evade immune surveillance.

The novelty of our study lies in the compre- 
hensive multi-dimensional analysis of SDHA 
expression, molecular subtypes, pathological 
staging, and functional assays in breast can-
cer. By correlating SDHA expression with prog-
nostic outcomes (OS and DFS), immune infiltra-
tion, and drug sensitivity, our study provides 
valuable insights into the broader role of SDHA 
in breast cancer metabolism and its potential 
as a target for therapeutic interventions. 
Furthermore, our findings regarding SDHA’s 
involvement in chemoresistance and immune 
modulation represent an important new ave-
nue for future research, suggesting that SDHA 
may not only be a key metabolic regulator but 
also an important player in cancer progression 
and therapy resistance.

While in vitro models like MCF-7 and SKBR3 
breast cancer cell lines provide valuable 
insights, they have several limitations that may 
affect the generalization of the findings to in 
vivo conditions. These models lack the com-
plexity of the tumor microenvironment (TME), 
including interactions with immune cells, vas-
cularization, and extracellular matrix compo-
nents, which are crucial for tumor progression 
and metastasis. Additionally, the lack of tumor 
heterogeneity in these cell lines and the inabil-
ity to study organ-specific metastasis or long-
term therapeutic responses limit the accuracy 
of the results. In vivo models, such as xeno-
grafts or patient-derived xenografts (PDX),  
are necessary to better replicate the immune 
interactions, drug resistance mechanisms, and 
metastatic processes, ensuring that the thera-

peutic implications of SDHA targeting are fully 
validated.

Conclusion

In summary, our study provides compelling  
evidence that SDHA overexpression plays a sig-
nificant role in breast cancer progression and 
chemoresistance, particularly in aggressive 
subtypes like Basal and Her2. The data from 
our expression analysis, functional assays, and 
molecular studies suggest that SDHA is a prom-
ising prognostic biomarker and therapeutic tar-
get for improving the treatment of breast can-
cer. Future studies should focus on developing 
SDHA-targeted therapies to enhance treatment 
efficacy and overcome chemoresistance in 
breast cancer patients.
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Supplementary Figure 1. Uncut Western blot bands of Succinate Dehydrogenase Complex Flavoprotein Subunit A 
(SDHA) and Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH).


