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Systematic analysis of the role of LDHs 
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the importance of LDHD in the prognosis 
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Abstract 

Background Lactate dehydrogenase (LDHs) is an enzyme involved in anaerobic glycolysis, including LDHA, LDHB, 
LDHC and LDHD. Given the regulatory role in the biological progression of certain tumors, we analyzed the role 
of LDHs in pan-cancers.

Methods Cox regression, Kaplan–Meier curves, Receiver Operating Characteristic (ROC) curves, and correla-
tion of clinical indicators in tumor patients were used to assess the prognostic significance of LDHs in pan-
cancer. The TCGA, HPA, TIMER, UALCAN, TISIDB, and Cellminer databases were used to investigate the correlation 
between the expression of LDHs and immune subtypes, immune checkpoint genes, methylation levels, tumor 
mutational load, microsatellite instability, tumor-infiltrating immune cells and drug sensitivity. The cBioPortal database 
was also used to identify genomic abnormalities of LDHs in pan-cancer. A comprehensive assessment of the biologi-
cal functions of LDHs was performed using GSEA. In vitro, HepG2 and Huh7 cells were transfected with LDHD siRNA 
and GFP-LDHD, the proliferation capacity of cells was examined using CCK-8, EdU, and colony formation assays; 
the migration and invasion of cells was detected by wound healing and transwell assays; western blotting was used 
to detect the levels of MMP-2, MMP-9, E-cadherin, N-cadherin and Akt phosphorylation.

Results LDHs were differentially expressed in a variety of human tumor tissues. LDHs subtypes can act as pro-onco-
genes or anti-oncogenes in different types of cancer and have an impact on the prognosis of patients with tumors 
by influencing their clinicopathological characteristics. LDHs were differentially expressed in tumor immune subtypes 
and molecular subtypes. In addition, LDHs expression correlated with immune checkpoint genes, tumor mutational 
load, and microsatellite instability. LDHD was identified to play an important role in the prognosis of HCC patients, 
according to a comprehensive analysis of LDHs in pan-cancer. In HepG2 and Huh7 cells, knockdown of LDHD pro-
moted cell proliferation, migration, and invasion, promoted the protein expression levels of MMP-2, MMP-9, N-cad-
herin, and Akt phosphorylation, but inhibited the protein expression level of E-cadherin. In addition, LDHD overex-
pression showed the opposite changes.
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Introduction
Cancer remains one of the greatest public health chal-
lenges today, with a significant impact on human health 
and social development due to a steady increase in inci-
dence and mortality rates [1]. Global cancer statistics of 
2020 show an estimated 19.3 million newly diagnosed 
cancer cases and nearly 10 million deaths worldwide 
in 2020 only [2]. The most common cancers are breast, 
lung, colorectal, prostate, and stomach [3–5]. Exposure 
to different carcinogenic factors, normal cells lose their 
regulatory growth mechanism at the genetic level, result-
ing in uncontrolled cell proliferation, unlimited growth, 
and highly invasive and metastatic behavior. With the 
advent of molecularly targeted and immunotherapies in 
recent years, a significant decrease in cancer-induced 
deaths has been observed [6, 7]. However, due to emerg-
ing resistance to immunotherapy, there is an urgent need 
to develop reliable diagnostic and prognostic biomarkers 
for cancer.

Cancer is a highly heterogeneous disease whose 
development requires different processes of tissue cell 
metabolism, where metabolic remodeling can influence 
the biological function of tumors [8]. The correlation 
between aerobic glycolysis and cancer is the biochemical 
basis for the development of novel anti-cancer strategies, 
where LDHs are of pivotal importance among different 
enzymes involved in glycolysis [9, 10]. Most tumor cells 
inhibit mitochondria oxidative phosphorylation and 
instead increase glucose consumption and lactate, which 
is consumed independently of oxygen production (War-
burg effect) [11]. Therefore, energy production in cancer 
cells is abnormally dependent on glycolysis, and targeting 
aerobic glycolysis may be helpful for therapeutic inter-
ventions in cancer [12].

LDH, a tetrameric enzyme, is an important metabolic 
enzyme whose inhibition could block aerobic glycolysis 
in tumor cells [13]. The family of LDH enzymes includes 
LDHA, LDHB, LDHC, and LDHD. LDHA and LDHB 
are elevated in many tumor types and are associated 
with tumor growth and invasion [14]. LDHA has been 
reported to regulate HCC tumor growth and metastasis 
by inducing MMP-2 production, which leads to apopto-
sis by inhibiting the production of reactive oxygen spe-
cies (ROS) [15]. In addition, it may be a key enzyme in 

the conversion of pyruvate to lactate, which is highly 
expressed in BRCA, and inhibiting its expression may 
provide a new therapeutic strategy for the treatment 
of BRCA [16]. LDHA, in combination with mTORC1 
or MAPK inhibitors has been shown to affect the pro-
gression of SKCM [17]. Similarly, reduced expression 
of LDHB in BRCA may confer a growth and survival 
advantage over BRCA [18]. Low expression of LDHB can 
promote PAAD progression by inducing a glycolytic phe-
notype [19]. HYOU1 has been reported to encourage tol-
erance of glucose and malignant progression in thyroid 
cancer cells by upregulating LDHB expression [20]. On 
the other hand, LDHC has been found to promote PI3K/
Akt/GSK-3β process in LUAD cells and has been shown 
to play an essential role in BRCA migration and inva-
sion [21, 22]. Furthermore, the downregulation of LDHD 
expression may be an important prognostic indicator for 
patients with clear ccRCC, and overexpression of LDHD 
might contribute to UCEC development [23, 24]. Sev-
eral studies indicate that LDHs may play a key role in the 
biological progression of certain cancers. However, these 
studies have only focused on a limited number of tumor 
types and the function of LDHs in pan-cancer has not yet 
been investigated.

DNA methylation is an important epigenetic modifi-
cation in mammals, DNA methylation silences a wide 
range of genes, therefore aberrant methylation modifica-
tions translate into abnormal gene expression, which may 
play a vital role in cancer development [25]. Studies have 
shown that tumor mutation burden (TMB) is associated 
with immunotherapy response and can predict immune 
checkpoint inhibitors (ICI) response [26]. Microsatel-
lite instability (MSI) is a hypermutated phenotype that 
results in loss of DNA mismatch repair (MMR) activity. 
MSI occurs at different frequencies in malignancies and 
can predict cancer response/resistance to certain chemo-
therapies [27]. Additionally, there is a close relationship 
between the tumor microenvironment (TME) and the 
efficacy of immunotherapy, where tumor-infiltrating cells 
in the TME can influence the immune profile of malig-
nant tumors [28]. Immune checkpoint (ICP) inhibitors 
have potent tumor suppressive effects, and the study of 
gene-ICP correlations is essential to inhibit malignant 
tumor proliferation.

Conclusion LDHs subtypes can be used as potential prognostic markers for certain cancers. Prognostic and immu-
notherapeutic analysis indicated that LDHD plays an important role in the prognosis of HCC patients. In vitro experi-
ments revealed that LDHD can affect HCC proliferation, migration, and invasion by regulating MMPs expression 
and EMT via Akt signaling pathway, which provides a new perspective on the anti-cancer molecular mechanism 
of LDHD in HCC.
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Different tumors can inhibit their clearance and lysis 
by the immune system through various pathways, lead-
ing to immune tolerance. Inter-individual tumor hetero-
geneity may affect the efficacy of clinical immunotherapy 
[29]. Therefore, there is an urgent need to develop per-
sonalized treatment plans to mitigate the damage caused 
by overtreatment. Precision medicine has yet to be fully 
expressed in cancer treatment and requires urgent atten-
tion to explore better therapeutic targets [30].

LDHs subtype has the potential to serve as cancer diag-
nostic markers. This study systematically analyzed LDHs 
subtype from the aspects of mRNA expression, methyla-
tion, mutation patterns, immune infiltration, functional 
enrichment analysis, clinically relevant prognosis and 
potential chemotherapeutic agents in pan-cancer. The 
results suggested that LDHD plays an important role in 
the clinical prognosis and immunotherapy treatment 
of HCC patients. Therefore, we will focus on the role of 
LDHD in HCC patients and the underlying molecular 
mechanisms involved.

Materials and methods
TCGA database
RNA-seq (FPKM) gene expression data for different can-
cer types were downloaded from the open-access data-
base UCSC-Xena. The gene expression profile data were 
log2-transformed for comparisons between groups to 
make gene expression data more comparable between 
samples. LDHs expression levels in the downloaded data 
identified 33 different cancer types, where expression dif-
ferences between tumor and normal tissue samples were 
identified by a p-value < 0.05 criterion. For the TCGA 
pan-cancer analysis, four LDHs gene expression levels 
were provided, and differences between para-cancer-
ous and tumor tissue samples were assessed using Stu-
dent’s t-test, excluding cancer types with low numbers 
of normal samples. Internal correlations of LDHs were 
examined using “pheatmap" and "corrplot" design in R. 
Differential expression of LDHs between tumor types in 
the TCGA database and corresponding normal tissues 
was analyzed using the TIMER database. The correla-
tion of LDHs expression in patients’ clinical information 
with different cancer types was analyzed using R soft-
ware, which was combined, followed by using R software 
"ggpubr" package for statistical analysis to visualize the 
patients’ pathological, histological, T, M and N stage, 
and to screen the clinical indicators with significant 
differences.

Analysis of the relationship between LDHs and prognosis
Survival data were downloaded from the TCGA database 
for samples from different cancer types, and overall sur-
vival (OS), progression-free interval (PFI), disease-free 

interval (DFI), and disease-free survival (DSS) were con-
sidered indicators to explore the correlation between 
LDHs and patient prognosis. The median expression of 
LDHs was used as a threshold to classify high and low-
expression subgroups, and the Kaplan–Meier method 
and log-rank sum test were used for each cancer type. 
Survival" and "Survminer" were used to plot survival 
curves. The R package "forestplot" was used to ana-
lyze the relationship between the LDHs expression and 
pan-cancer survival. To assess the diagnostic accuracy 
of LDHs in patients with different types of cancer, ROC 
curves based on sensitivity and specificity were per-
formed using the "pROC" package. In addition, Cox anal-
ysis was performed to determine the correlation between 
LDHs and disease prognosis, and finally, the R package 
"forestplot" was used to plot graphs and perform univari-
ate Cox regression analysis on LDHs expression.

Immunohistochemical staining (IHC)
IHC images of LDHs protein expression in normal tis-
sues and corresponding tumor tissues of different can-
cer types were obtained from the HPA database (http:// 
www. prote inatl as. org), and three cancer types with sig-
nificant differences, including thyroid, lung, and kidney 
cancer were selected to explore the differences in protein 
expression.

Biological functions of LDHs based on GSEA (gene 
enrichment analysis)
Kyoto Encyclopedia of Genes and Genes (KEGG) analy-
sis was performed using GSEA in an online database 
(http:// www. gsea- msigdb. org/). The biological func-
tions of LDHs in different cancer types were analyzed by 
GSEA. The study was conducted using the R packages 
"limma,” "clusterprofiler,” "org,Hs,eg,db" and The "enrich-
plot" package was used for visualization.

Genomically altered LDHs in pan‑cancer
The cBioportal database (http:// www. cbiop ortal. org) 
contains all oncogene data from the TCGA database 
and can be used to analyze pan-cancer data. Data from 
10,953 samples from 32 cancer types were selected to 
analyze the types and frequencies of mutations in LDHs 
genes in all tumors. To analyze the mutations of LDHs 
in the TCGA pan-cancer dataset, the "Oncoprint,” "Can-
cerType Summary," and "Mutations" modules were used 
to obtain information on genetic alterations and muta-
tion loci of LDHs. In addition, "CancerType Summary" 
showed the mutation rate of LDHs genes in pan-cancer 
as a bar graph.

http://www.proteinatlas.org
http://www.proteinatlas.org
http://www.gsea-msigdb.org/
http://www.cbioportal.org
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Correlation of LDHs expression with DNA methylation
UALCAN (http:// ualcan. path. uab. edu/), an analysis 
database based on TCGA gene data, was used in this 
study to analyze the methylation levels of LDHs in dif-
ferent cancer types.

Relationship between the expression of LDHs and immune 
cells
The relative scores of immune cells in different cancer 
types were calculated using CIBERSORT, which can 
predict different immune cell phenotypes. The packages 
"ggplot2", "ggpubr," and "ggExtra" based on R software 
were used to analyze the correlation between LDHs and 
the level of infiltration of each immune cell.

Correlation between LDHs expression and molecular 
subtypes and immunomodulators in different cancer types
TISIDB (cis.hku.hk/TISIDB) is a database for analyz-
ing tumor gene expression and immune system inter-
actions. The correlation between LDHs expression 
levels, molecular subtypes, and immunomodulators 
(Immuno-inhibitor, Immuno-stimulator, and MHC 
molecule) in different cancer types was investigated 
using the TISIDB database. Immune Subtype correla-
tions between LDHs and BLCA, BRCA, KIRC, KIRP, 
LGG, LIHC, LUAD, OV, PRAD, and UCEC were ana-
lysed using the R packages "limma", "ggplot2", and 
"reshape2".

Correlation analysis of LDHs expression with immune 
checkpoints
Correlation analysis between LDHs expression levels 
and different immune checkpoint genes (ICP) was ana-
lyzed using Spearman correlation analysis. The "ESTI-
MATE" and "limma" packages of the R package were 
used to calculate stromal and immune cell scores in dif-
ferent cancer types to assess the level of LDHs expres-
sion in the stromal and immune cell score infiltration.

Correlation analysis of LDHs expression with TMB and MSI
Pearson correlation coefficients between LDHs expres-
sion and TMB, MSI, DNAss, and RNAss in differ-
ent cancer types were analyzed using the R packages 
"limma" and "corrplot.” TMB and MSI were calculated 
using TCGA cell mutation data, and a radar plot was 
created to analyze the relationship between LDHs and 
TMB and MSI using Pearson’s correlation analysis.

Drug sensitivity analysis
NCI-60 chemical activity data and the correspond-
ing RNA-seq expression dataset were downloaded 
from CellMiner (http:// disco ver. nci. nih. gov/ cellm iner/ 

home. do) to analyze the drug sensitivity of LDHs in 
pan-cancer, followed by limma", and "ggplot,” and the 
results were visualized using the "limma,” "ggplot2″ and 
"ggpubr" packages in R software to explore the poten-
tial correlation between LDHs expression and drug 
sensitivity.

Antibodies & reagents
The EdU cell proliferation detection kit assay was pur-
chased from RiboBio Co., Ltd. (Guangzhou, China). Cell 
Counting Kit-8 (CCK-8) was purchased from KeyGen 
Biotech Co., Ltd (Nanjing, China). LDHD protein pri-
mary antibody (K008489P) was purchased from Solarbio 
(Beijing, China). Anti-GAPDH (D16H11) and anti-p-Akt 
(Ser473) antibodies were purchased from Cell Signaling 
Technology (Beverly, MA, USA). The antibodies against 
E-cadherin (A20798), N-cadherin (A19083), MMP-9 
(A0289), and MMP-2 (A6247) were the products of 
ABclonal Biotechnology (Wuhan, China). Horseradish 
peroxidase-linked anti-mouse IgG and anti-rabbit IgG 
secondary antibodies were purchased from Cell Signaling 
Technology (Beverly, MA, USA).

Cell culture and transfection
The human  hepatoma  cell line HepG2 and Huh7 was 
purchased from Fuheng Cell Center (Shanghai, China), 
which was authenticated by STR profiling. HepG2 and 
Huh7 cell lines were cultured in MEM and DMEM 
medium supplemented with 10% FBS, respectively. The 
siRNA targeting LDHD (LDHD siRNA) and negative 
control siRNA (si-NC) were designed and synthesized by 
RiboBio. LDHD siRNA (100 nM) and si-NC were trans-
fected into cells using the riboFECT™ CP transfection kit 
(RiboBio, Guangzhou, China) according to the manufac-
turer’s protocols. LDHD overexpression (GFP-LDHD) 
and negative plasmids were purchased from GeneChem 
Co. (Shanghai, China), HepG2 and Huh7 cells were 
cultured respectively in 6-well plates until 80% conflu-
ence, transient transfection was performed using Lipo-
fectamine 3000 reagent (Thermo Fisher Scientific, Inc.) 
according to the manufacturer’s instructions, and trans-
fection efficiency was detected using western blotting.

CCK‑8 assay
The viability of HepG2 and Huh7 cells was determined 
using the CCK-8 assay. Briefly, HepG2 and Huh7 cells 
transfected with LDHD siRNA or GFP-LDHD plasmid 
and negative control were seeded into 96-well cell culture 
plates, respectively. Following incubation for 24 h, 48 h, 
or 72  h, 10  µl/well of CCK-8 working fluid was added. 
After incubation for another 2 h, the optical density (OD) 
values of each well were measured at 450  nm using a 
Multiskan™ GO plate reader (Thermo Fisher Scientific, 

http://ualcan.path.uab.edu/
http://discover.nci.nih.gov/cellminer/home.do
http://discover.nci.nih.gov/cellminer/home.do
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Inc.). The experiment was repeated three times and data 
were expressed as mean ± SD.

EdU assay
HepG2 and Huh7 cells transfected with LDHD siRNA 
or GFP-LDHD and negative control were seeded into 
24-well plates and cultured at 37℃ and 5%  CO2 for 24 h, 
their proliferation capacity was determined by perform-
ing the EdU assay according to the instructions provided 
by manufacturer. Briefly, after staining with 50 µM of EdU 
dye, the cells were fixed with 4% paraformaldehyde for 
30 min at room temperature and imaged using inverted 
fluorescence microscopy (Olympus, Tokyo, Japan). The 
ratio of EdU-positive cells to cells with Hoechst staining 
was calculated. Image J version 1.52 software was used to 
analyse the results.

Colony formation assay
The HepG2 and Huh7 cells transfected with LDHD 
siRNA or GFP-LDHD and negative control were planted 
into 6-well plates (500 cells/well) and cultured for 
2 weeks. The cells were fixed with 4% paraformaldehyde, 
stained with 0.1% crystal violet for 30 min at room tem-
perature. After washing for 3 times with PBS, the colo-
nies were counted by Imaging J version 1.52 software.

Wound healing assay
HepG2 and Huh7 cells transfected with LDHD siRNA 
or GFP-LDHD and negative control were seeded into 
12-well plates and cultured to 90%-100% monolayer con-
fluence. The monolayer-fused cells were scraped gently 
with a clean 200  μl pipette tip, and the detached cells 
were then removed by washing with PBS. The distance of 
cell migration was observed by light microscopy (Olym-
pus) at 0 h, 24 h and 48 h respectively. The results were 
analysed using ImageJ version 1.52 software.

Transwell assay
HepG2 and Huh7 cells transfected with LDHD siRNA or 
GFP-LDHD and negative control were respectively resus-
pended with 200  µl FBS-free MEM or DMEM medium 
and then plated in the upper chamber, and 600  µl of 
medium containing 20% FBS was added to the lower 
chamber. Similarly, CIM Plate 16 upper chambers pre-
coated with diluted Matrigel (356234; BD Biosciences) 
were used for Matrigel invasion assay. After 24 h of incu-
bation in an incubator at 37℃ and 5%  CO2, the cells on 
the upper surface were removed with cotton swabs gen-
tly, and the migrated cells were fixed with 4% paraformal-
dehyde for 30 min and stained with 0.1% crystal violet for 
20 min. After washing with PBS, the images of migrated 
cells were captured using an inverted fluorescence micro-
scope (Olympus).

Protein extraction and Western blot
HepG2 and Huh7 cells were seeded in 6-well plates, and 
then transfected with LDHD siRNA or GFP-LDHD and 
negative control for the indicated times. After washing 
with cold PBS, the cells were lysed with RIPA cell lysis 
buffer containing protease inhibitors (Beyotime, Haimen, 
China). The lysates were centrifuged (12000 g) at 4℃ for 
10–15 min. The amounts of total protein were quantified 
by NanoDrop one (Thermo Fisher). For Western blot-
ting, equivalent amounts of protein (50 µg) were loaded 
and separated using 12% or 10% SDS-PAGE and then 
the proteins were transferred onto nitrocellulose mem-
branes (Pall Corporation, Port Washington, NY, USA). 
The membranes were blocked with 5% skimmed milk for 
1  h at room temperature, washed with TBST for three 
times and probed with the indicated primary antibod-
ies overnight at 4℃. The membrane was incubated with 
HRP-conjugated secondary antibodies for 2  h at room 
temperature following three washes with TBST. The anti-
gen–antibody complexes were detected using a chemilu-
minescence imaging system (Clinx, Shanghai, China).

Statistical analysis
Statistical significance between the two groups was ana-
lysed using student’s t-test, while the Wilcoxon rank sum 
test and Spearman’s rank test were used to compare the 
differences in the expression of LDHs and the correlation 
between tumor and normal tissues, respectively. All R 
package analysis were performed using R (version 4.2.1), 
except for the online website tools. The prognostic role of 
LDH expression in each cancer type was assessed using 
a one-way Cox regression analysis, where p < 0.05 was 
considered statistically significant (*p < 0.05, **p < 0.01, 
***p < 0.001).

Results
Correlation analysis of LDHs‑series genes in pan‑cancer
Analyzing the expression of LDHs genes including 
LDHA, LDHB, LDHC and LDHD in all cancer types, we 
found that the expression of LDHA, LDHB and LDHD 
was higher than that of LDHC in pan-cancer (Fig.  1A). 
We further analyzed the expression of LDHs genes in 
33 cancer types and found that LDHD expression was 
significantly lower in pan-cancer, especially in CHOL 
and COAD (Fig. 1B). Analyzing the correlation of LDHs 
genes expression, we found that the expression of LDHA 
and LDHC showed the most significant positive cor-
relation, while LDHA and LDHD showed the most sig-
nificant negative correlation (Fig. 1C). We also extracted 
the expression of LDHs from the UCSC-Xena database 
using R software. To avoid statistical error, some can-
cers were excluded because the number of normal sam-
ples was less than 5. Figure  1D showed the expression 
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differences of LDHs in all cancer tissues and paracan-
cerous tissues. In addition, we validated the expres-
sion differences of LDHs in different cancer types from 
the TIMER database (Fig.  1E). The correlation between 
LDHs expression and prognostic data was then ana-
lyzed. Kaplan–Meier survival curves for LDHs are shown 
in Fig. S1A-D. The results showed that in patients with 
ACC, CESC, LGG, LIHC, LUAD and PAAD, the sur-
vival time of patients with high LDHA expression was 
shorter than that of patients with low LDHA expression. 

In patients with HNSC, LIHC, LUAD and SKCM, the 
survival time of patients with high LDHB expression was 
shorter than that of patients with low LDHB expression, 
and in patients with GBM and LGG, the survival time 
of patients with low LDHB expression was shorter than 
that of patients with high LDHB expression. In UCEC 
patients, the survival time of patients with high LDHC 
expression was shorter than that of patients with low 
LDHC expression, and in UVM patients, the survival 
time of patients with low LDHC expression was shorter 

Fig. 1 Expression levels and correlations of LDHs family genes in different cancer from the TCGA database. A Differential expression levels of LDHs 
family genes in different types of cancer; B Expression data from TCGA database showing expression of LDHs family genes in different cancers; 
color of each small matrix represents differential expression of LDHs family genes in different cancers, red and green represent high and low 
expression; C Correlation between LDHs family genes, red indicates negative positive correlation and blue indicates positive negative correlation; D 
The expression differences of LDHs family genes in different cancer tissues and normal tissues based on the UCSC-Xena database; E The difference 
expression of LDHs family genes in different cancer tissues and normal tissues from the TIMER database
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than that of patients with high LDHC expression. In 
ACC, CESC, KIRC, KIRP, LUAD and UVM patients, the 
survival time of patients with low LDHD expression was 
shorter than that of patients with high LDHD expression. 
We further examined the IHC results in the HPA data-
base to assess the expression of LDHs in terms of protein 
levels. Using the HPA database, we analyzed the expres-
sion of LDHs in lung, thyroid and kidney tumor tissues. 
As shown in Fig. S2A-D, LDHA was highly expressed 
in lung, kidney and thyroid cancer tissues. LDHB was 
highly expressed in lung cancer tissues but low in kidney 
and thyroid cancer tissues. LDHC expression was low in 
kidney and thyroid cancer tissues and has little variability 
in lung cancer tissues. LDHD expression was low in lung, 
kidney and thyroid cancer tissues.

Prognostic significance of LDHs in pan‑cancer
To explore the relationship between LDHs expression 
levels and prognosis, we divided tumors into high and 
low expression groups based on the median expression 
of LDHs in different cancer types, and then investigated 
the prognostic value of LDHs in the TCGA pan-cancer 
database by cox regression analysis. The results showed 
that LDHs subtype had an impact on prognosis in some 
cancer patients, which were presented as forest plots. 
As shown in Fig. 2A, the Disease Specific Survival (DSS) 
data indicated that LDHA expression can significantly 
affect ACC (HR = 1.557), CESC (HR = 1.683), GBM 
(HR = 1.345), HNSC (HR = 1.346), KICH (HR = 7.667), 
KIRP (HR = 1.866), LGG (HR = 1.713) and LIHC 
(HR = 2.095), LUAD (HR = 2.046), PAAD (HR = 2.287), 

Fig. 2 Associations between LDHs expression levels and disease specific survival (DSS), disease free interval (DFI) and progression free interval 
(PFI). A Forest plot of LDHs family gene expression levels in pan-cancer in association with DSS; B Forest plot of LDHs family gene expression levels 
in pan-cancer associated with DFI; C Forest plot of LDHs family gene expression levels in pan-cancer associated with PFI
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PCPG (HR = 2.849) and PRAD (HR = 4.325). LDHB 
expression significantly affected ESCA (HR = 1.333), 
GBM (HR = 0.602), LGG (HR = 0.285), MESO 
(HR = 1.760) and STAD (HR = 1.215). The expression 
of LDHC had a significant effect on CESC (HR = 0.523), 
HNSC (HR = 0.560) and UVM (HR = 0.529). LDHD 
expression significantly affected ACC (HR = 0.528), KICH 
(HR = 0.260), KIRC (HR = 0.515), KIRP (HR = 0.533), 
LGG (HR = 0.753), LIHC (HR = 0.733) and LUAD 
(HR = 0.790).

Disease Free Interval (DFI) data analysis showed 
that LDHA expression could significantly affect LIHC 
(HR = 1.395), LUAD (HR = 1.384), OV (HR = 0.777) and 
PAAD (HR = 3.152) (Fig. 2B). LUSC (HR = 1.392), PCPG 
(HR = 6.934) and STAD (HR = 1.321) were significantly 
affected by LDHB expression. LDHC expression had 
a significant effect on DLBC (HR = 8.78E-08). LDHD 
expression significantly affected KIRP (HR = 0.616).

The analysis of the Progression Free Interval (PFI) data 
showed that LDHA expression was significantly associ-
ated with ACC (HR = 1.771), GBM (HR = 1.311), HNSC 
(HR = 1.269), KICH (HR = 3.238), KIRP (HR = 1.522), 
LGG (HR = 1.545), LIHC (HR = 1.475), LUAD 
(HR = 1.482), PAAD (HR = 1.865), PCPG (HR = 2.105), 
PRAD (HR = 1.649) and THYM (HR = 3.061) (Fig.  2C). 
LDHB expression significantly affected GBM 
(HR = 0.514), LGG (HR = 0.325), PRAD (HR = 0.820), 
STAD (HR = 1.167) and THCA (HR = 0.523). LDHC 

expression was significantly associated with CESC 
(HR = 0.654), HNSC (HR = 0.653), THYM (HR = 2.123) 
and UVM (HR = 0.581). LDHD expression significantly 
affected ACC (HR = 0.736), KICH (HR = 0.466), KIRC 
(HR = 0.624), KIRP (HR = 0.662), LGG (HR = 0.764), 
LIHC (HR = 0.835), LUAD (HR = 0.837) and UVM 
(HR = 0.676). We then evaluated these four genes prog-
nostic value in different tumors. To confirm the accuracy 
of these candidate markers, we analyzed the predictive 
ability of LDHs genes for patient prognosis using ROC 
curves. Our results suggest that LDHs family genes may 
have good prognostic value in BRCA, COAD, HNSC, 
KICH, KIRC, KIRP, LUSC, READ, STAD and THCA (Fig. 
S3A-J). We also analyzed the prognostic risk of LDHs 
in pan-cancer using cox regression. The results were 
consistent with the Kaplan–Meier survival curves. The 
different colored lines represent the risk values of the dif-
ferent genes present in the tumor. Risk ratios < 1 indicate 
low risk, while risk ratios > 1 indicate high risk (Fig. 3 and 
Table S1).

Analysis of genetic alterations in LDHs in pan‑cancer
We analyzed the mutations of LDHs genes in all tumor 
tissues using the public database of cBioportal. 10,953 
patients from the TCGA database were analyzed. The 
copy number alteration and mutation data of LDHs 
in pan-cancer are shown in Fig.  4A. LDHB is the most 
altered of the LDHs, and the main genetic alteration type 

Fig. 3 Different colored lines represent the risk values of different genes in the tumor in the cox regression analysis of the association 
between LDHs family gene expression and survival. A risk ratio < 1 indicates a low risk and a risk ratio > 1 indicates a high risk
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is amplification and deep deletion. The genetic alteration 
type of LDHA gene is mutation, which is most common 
in UCEC, STAD and SKCM. We also investigated the 
relationship between the different types of LDHA muta-
tions and mRNA expression. The mRNA expression of 
LDHA with deep detection was lower compared to other 
types of LDHA alterations. Figure 4B shows the number 
of LDHA gene mutations in different cancer patients. 

The type of genetic alteration of the LDHB gene was 
dominated by amplification. The mRNA expression of 
the LDHB gene with deep detection was lower compared 
to the other types of LDHB alterations. mRNA counts of 
the LDHB gene in different cancer patients are shown 
in Fig. 4C. The types of genetic alterations of the LDHC 
gene were dominated by the mutation type. Compared to 
other types of LDHC alterations, the mRNA expression 

Fig. 4 Characterization of the genetic alterations in the LDHs families. A General profile of genetic alterations in LDHs families from the pan-cancer 
dataset in the cBioportal database; B Frequency of LDHA alterations from the cBioportal database, dot plots showing the correlation between LDHA 
copy number and mRNA expression in cBioportal and the number of LDHA mutations in the pan-cancer dataset; C Alteration frequency 
of LDHB from the cBioportal database, dot plots showing the correlation between copy number and mRNA expression of LDHB from cBioportal 
and the number of LDHB mutations in pan-cancer; D From the cBioportal database, the dot plot shows the correlation between copy number 
and mRNA expression of LDHC from cBioportal and the number of mutations in LDHC in pan-cancer; E The frequency of LDHD alterations 
from the cBioportal database, the dot plot shows the correlation between LDHD copy number and mRNA expression in cBioportal and the number 
of LDHD mutations in pan-cancer
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of LDHC genes with diploid was lower. Figure 4D shows 
the number of mutations of LDHC genes in patients with 
different types of cancer. The genetic alteration types of 
LDHD genes were dominated by mutation. The mRNA 
expression of LDHD genes with shallow deletion was 
lower compared to other types of LDHD alterations. The 
mutation numbers of LDHD genes in different cancer 
patients are shown in Fig. 4E.

Correlating LDHs expression with DNA methylation 
in different cancers
The UALCAN online tool was used to determine pro-
moter methylation levels of genes in different cancer 
patients and normal populations. β values indicate DNA 
methylation levels ranging from 0 (unmethylated) to 1 
(fully methylated). Hypermethylation (β-value: 0.7–0.5) 
and hypomethylation (β-value: 0.3–0.25) were considered 
as different β-critical values. As shown in Fig.  5A, the 
promoter methylation level of LDHA was significantly 
lower in 13 tumor groups than in the normal group. The 
promoter methylation level of LDHB was significantly 
lower in 4 tumor groups than in the normal group. The 
promoter methylation level of LDHB was significantly 

higher than that of the normal group in 3 tumor groups 
(Fig. 5B). The promoter methylation level of LDHC was 
significantly lower than that of the normal group in 2 
tumor groups, but significantly higher than that of the 
normal group in 3 tumor groups (Fig. 5C). The promoter 
methylation level of LDHD was significantly higher in 
the 4 tumor groups than in the normal group (Fig. 5D). 
In conclusion, changes in the methylation levels of LDHs 
promoters were observed in most cancers.

Biological functions of LDHs in pan‑cancer
GSEA was performed to explore the major biological 
functional processes affected by LDHs in pan-cancer and 
to screen the signaling pathways positively regulated by 
LDHs in different cancers. Fig. S4A shows the signaling 
pathways positively regulated by LDHA in LGG, LIHC 
and STAD. The signaling pathways positively regulated 
by LDHB in BRCA, HNSC, LIHC and STAD are shown 
in Fig. S4B. The signaling pathways positively regulated 
by LDHC in BRCA, KICH and STAD are shown in Fig. 
S4C. Fig. S4D reveals the signaling pathways positively 
regulated by LDHD in HNSC, KICH and LIHC. Ana-
lyzing the above data, we found that drug metabolism 

Fig. 5 Promoter methylation levels of LDHs in cancers. A The promoter methylation levels of LDHA in different types of cancer; B The promoter 
methylation levels of LDHB in different types of cancer; C LDHC promoter methylation in different cancers; D Promoter methylation levels of LDHD 
in different cancers
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regulated by LDHs is the most common signaling path-
way involved in pan-cancer, followed by JAK-STAT, DNA 
replication, Toll-like receptor and T cell receptor signal-
ing pathways, and fatty acid metabolism.

Correlation analysis between LDHs and molecular 
and immune subtypes in pan‑cancers
Using the TCGA and TISIDB databases, we investigated 
the correlation between LDHs expression and molecu-
lar and immune subtypes in different cancer types. The 
immune subtypes were classified as C1 (wound heal-
ing), C2 (IFN-γ dominant), C3 (inflammatory), C4 (lym-
phocyte depleted), C5 (immunologically quiet) and C6 
(TGF-β dominant). We analyzed the differences in the 
expression of the LDHs gene between the immune sub-
types in the different types of cancer using the TCGA 
database. The results showed that LDHs expression was 
significantly correlated with different immune subtypes 
in BLCA、BRCA、KIRC、LGG、LIHC、LUAD、O
V、PRAD and UCEC patients (Fig. S5A-J). Using the 
TISIDB database, the correlation of LDHA expression 
with molecular subtypes in different cancers was per-
formed. The results showed that LDHA expression was 
correlated with BRCA (p = 1.1e-22), HNSC (p = 2.78e-
20), KIRP (p = 2.24e-05), LGG (p = 7.69e-42), PCPG 
(p = 6.46e-12), PRAD (p = 1.07e-05), STAD (p = 1.29e-11) 
and UCEC (p = 3. 21e-11) (Fig. S6A). LDHB expression 
was significantly correlated with the different molecular 
isoforms of BRCA (p = 3.17e-75), ESCA (p = 2.17e-06), 
HNSC (p = 9.13e-08), LGG (p = 3.23e-24), OV (p = 2.6e-
07), PCPG (p = 3.35e-06) and PRAD (p = 5.43e-08) (Fig. 
S6B). LDHC expression was significantly correlated with 
BRCA (p = 8.22e-10), HNSC (p = 9.5e-06), OV (p = 2.87e-
03), PCPG (p = 3.97e-03), STAD (p = 9.1e-05) and UCEC 
(p = 7.84e-07) (Fig. S6C). LDHD expression was sig-
nificantly correlated with different molecular isoforms 
of BRCA (p = 2.48e-45), COAD (p = 3.79e-05), ESCA 
(p = 1.28e-04), HNSC (p = 2.26e-05), LGG (p = 8.87e-
11), LIHC (p = 3.86e-08), PRAD (p = 7.13e-20), STAD 
(p = 4.82e-06) and UCEC (p = 1.92e-09) (Fig. S6D). In 
conclusion, LDHs expression may have an impact on 
the molecular and immune subtypes of different cancer 
types.

Correlation of LDHs expression with immune‑related 
biomarkers
Correlation between LDHs gene expression and immune 
checkpoints was analyzed to investigate the effect of 
LDHs gene on immunity in pan-cancer. As shown in 
Fig.  6A-D, the immune checkpoint (ICP) gene has a 
strong impact on immune cell infiltration and immuno-
therapy. The association between LDHs expression and 
ICP genes in human cancers was then examined. A close 

association was found between 47 ICP genes in many 
cancers. This suggests that LDHs may coordinate the 
activity of these ICP genes in different cancers and may 
serve as ideal immunotherapeutic targets.

Association between LDHs and TME and stemness scores 
in pan‑cancers
We investigated the relationship between LDHs expres-
sion and TME in pan-cancer. and found that LDHs can 
affect TME and stemness scores in a variety of cancers 
and visualize the results (Fig. 7A-F).

Correlating LDHs expression with TMB, MSI and immune 
modulators
The correlation between TMB and MSI in the LDHs 
of different types of cancer was analyzed. The results 
showed that LDHA expression was significantly posi-
tively correlated with TMB in UCEC, STAD, SARC, 
READ and COAD, but negatively correlated with TMB 
in LUSC, LUAD and BRCA. LDHB expression was sig-
nificantly positively correlated with TMB in UCEC, 
STAD, KIRP, KIRC, HNSC, DLBC, CESC and BRCA. 
LDHB expression appeared to be negatively corre-
lated with TMB in PRAD. In ACC, UCS, READ and 
GBM, the expression of LDHC was positively corre-
lated with TMB, in UCEC and CHOL, the expression 
of LDHC was significantly negatively correlated with 
TMB. In UCEC and STAD, the expression of LDHD 
was positively correlated with TMB, and in READ and 
KICH, the expression of LDHD was negatively cor-
related with TMB (Fig. 8A-D). As shown in Fig. 8E-H, 
LDHA expression was significantly positively corre-
lated with MSI in ACC、UCS、UCEC、STAD、SKC
M、SARC、READ、PAAD、LUAD、LGG、KIRC、
COAD、CESC and BRCA, but was significantly nega-
tively correlated with MSI in THYM and LAML. The 
expression of LDHB was significantly positively cor-
related with MSI in UCEC、LUAD、HNSC、DLBC 
and COAD, but negatively correlated with MSI in 
THYM、PRAD、PAAD、LIHC、LGG、ESCA and 
BLCA. LDHC expression was positively correlated with 
MSI in UVM, LUAD and BLCA. In UCEC and KICH, 
LDHC expression was significantly negatively corre-
lated with MSI. In UCEC、THYM、KIRP、HNSC and 
ESCA, the expression of LDHD was positively corre-
lated with MSI, while in AAC、SARC、LUAD、LGG 
and BRCA it was negatively correlated with MSI. Using 
the TISIDB database, we further investigated the rela-
tionship between the three immunomodulators and 
LDHs expression. It was found that there was a cor-
relation between the expression of LDHs and immu-
nomodulators (immunostimulator, immunoinhibitor 
and MHC molecules) (Fig. S7A-D). Taken together, the 
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above results further support the speculation of LDHs 
may have an effect on anti-tumor immunity by modu-
lating immune mechanisms in certain cancer patients.

Analysis of LDHs subtype pharmacoresponse
We used the CellMiner database to further explore the 
analysis of potential correlations between pharmacore-
sensitivity and LDHs. In particular, LDHA expression was 
negatively correlated with elliptinium acetate and doxo-
rubicum, but positively correlated with 6-mercaptopu-
rine and trametinib. LDHB expression was negatively 
correlated with the bisacodyl component of Viraplex. The 
expression of LDHC was negatively correlated with mith-
ramycin and depsipeptide, but positively correlated with 
fludarabine and vorinostat. LDHD expression was nega-
tively correlated with fulvestrant and SR16157, but posi-
tively correlated with fulvestrant (Fig. 9A-D).

Association between LDHD gene expression 
and clinicopathological features as well as immune cell 
infiltration in HCC
This study systematically analyzed the role of LDHs sub-
type in pan-cancer through gene expression, progno-
sis, methylation, mutation patterns, immune infiltration 
and functional enrichment analysis. LDHD was found 
to play a critical role in prognosticating HCC patients 
based on clinical practice and immune infiltration. To 
further investigate the correlation between LDHD gene 
expression and clinicopathological features of HCC, we 
obtained HCC data from the TCGA database, including 
transcriptomic data and clinicopathological data. Wil-
coxon signed-rank test was used to analyze the differ-
ence in the expression of LDHD mRNA in HCC tissues 
and normal tissues. The results showed that the expres-
sion of LDHD gene in HCC tissues was significantly 
lower than that in normal tissues (p = 1.823e-10) (Fig. 

Fig. 6 Relationship between the expression of LDHs in pan-cancer and genes of immune checkpoint (ICP). Co-expression relationship 
between immune checkpoint (ICP) genes and LDHA (A), LDHB (B), LDHC(C) and LDHD (D)
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S8A), suggesting that LDHD may be an oncogene in the 
malignant development of HCC. To investigate whether 
the LDHD gene may act as an oncogene to influence the 
prognosis of HCC patients, we analyzed the relationship 
between the expression level of LDHD in HCC and the 

overall survival (OS) and progression-free survival (PFS) 
of patients. The results showed that the OS and PFS of 
patients in the low LDHD gene expression group was 
shorter than that of patients in the high LDHD gene 
expression group (P = 0.037, P = 0.024, respectively) (Fig. 

Fig. 7 Correlation between the expression of LDHs family genes and the tumor microenvironment and stemness score in pan-cancer. A‑D 
Correlation between LDHs family gene expression in pan-cancer and StromalScore, ImmuneScore, ESTIMATESocre and TumorPurity scores. Red dots 
indicate a positive correlation between expression in the tumor and StromalScore. Blue dots indicate a negative correlation between expression 
in the tumor and StromalScore; E–F Correlation between the expression of genes of the LDHs family in pan-cancer and DNAss and RNAss. Red dots 
indicate a positive correlation between oncogene expression and immune score, blue dots indicate a negative correlation

Fig. 8 Correlation of TMB and MSI with LDHs family gene expression. A-D Correlation between TMB and LDHs family gene expression; E–H 
Correlation between MSI and LDHs family gene expression
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S8B-C). The results suggest that LDHD may be affect the 
prognosis of HCC patients. HCC patients were divided 
into high expression group and low expression group 
according to LDHD gene median expression levels. Age, 
gender, race, pathological stage, histological stage, T stage 
and AFP were found to be statistically different between 
the two groups, suggesting that differences in LDHD 
gene expression levels may affect the clinicopatho-
logical progression and prognostic survival of patients 
(Table S2). We also analyzed the relationship between 
LDHD gene expression and clinicopathological variables 
in HCC patients using Wilcoxon signed rank test and 

logistic regression. The results showed that LDHD gene 
expression in HCC was significantly associated with age 
(p = 1.484e-05) (Fig. S8D), gender (p = 0.021) (Fig. S8E), 
T stage (p = 3.254e-04) (Fig. S8F), histological grade 
(p = 8.281e-07) (Fig. S8G), pathological stage (p = 6.252e-
04) (Fig. S8H) and AFP (p = 9.817e-13) (Fig. S8I). Univari-
ate logistic regression was used to analyze the association 
between LDHD gene expression and clinicopathological 
characteristics of HCC patients. The results showed that 
LDHD gene expression was significantly associated with 
age, gender, race, T stage, histological grade, pathologi-
cal stage, tumor status and AFP (Table S3). These results 

Fig. 9 Correlation between LDHs family genes and Pearson’s drug sensitivity scores in different tumor cell lines from the CellMiner database. 
drug sensitivity analysis of LDHs family genes. Drug sensitivity was analyzed with LDHA (A), LDHB (B), LDHC (C) and LDHD (D), the X-axis indicates 
the relative sensitivity to certain drugs, the Y-axis indicates the relative expression of LDHs
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suggest that LDHD gene has the potential to be an indi-
cator of HCC stage.

Univariate and multivariate Cox regression analyses are 
commonly used to find factors associated with patient 
prognosis. Univariate Cox regression showed that path-
ological stage, T stage and LDHD gene expression were 
risk factors for HCC. Multifactorial Cox regression analy-
sis showed that LDHD gene expression was an independ-
ent prognostic factor associated with overall survival in 
patients with HCC (HR, 0.74; CI, 0.631–0.869; P = 0.000) 
(Table S4).

In addition, immune cell infiltration also has a signifi-
cant impact on the prognosis of HCC patients. Analysis 
of the relationship between LDHD gene expression and 
immune cell infiltration found that LDHD expression was 
significantly correlated with macrophage (p = 0.03), B-cell 
memory (p = 0.028) and T-cell follicular assist (p = 0.02) 
(Fig. S8J). This suggests that LDHD gene may affect the 
prognosis of HCC patients by influencing immune cell 
infiltration. The above results suggest that LDHD may 
have an impact on the clinicopathological features and 
immune cell infiltration of HCC patients, thereby affect-
ing their survival and prognosis.

LDHD knockdown or overexpression affects 
the proliferation of HCC cells.
To further investigate the effect of LDHD on HCC pro-
liferation, we down-regulated and up-regulated the 
expression level of LDHD in HepG2 and Huh7 cell lines 
by LDHD siRNA and GFP-tagged LDHD overexpres-
sion plasmid (GFP-LDHD) transfection, and verified the 
transfection efficiency using western blotting (Fig. 10A). 
Due to their obvious interference efficiency, LDHD 
siRNA#2 and LDHD siRNA#3 were selected to subse-
quent experiments. CCK-8, EdU and colony formation 
assays showed that knockdown of LDHD significantly 
increased HepG2 and Huh7 cell viability, promoted cell 
proliferation. Moreover, LDHD overexpression showed 
the opposite effects (Fig. 10B-D).

Knockdown or overexpression of LDHD affects HCC cell 
migration and invasion
To investigate the effect of LDHD on the migration and 
invasion of HepG2 and Huh7 cells. Wound healing assay 
and transwell assay were performed following trans-
fection of LDHD siRNA or GFP-LDHD plasmids. Fig-
ure  11A-B showed that LDHD knockdown significantly 
promoted HepG2 and Huh7 cell migration and invasion 
compared to the negative control group. However, LDHD 
overexpression significantly inhibited the cells migration 
and invasion. The expression levels of MMP-2, MMP-9 
and N-cadherin showed a clear upregulation after trans-
fection with LDHD siRNA, while E-cadherin expression 

showed a significant decrease. After transfection of GFP-
LDHD, the expression levels of MMP-2, MMP-9, N-cad-
herin and E-cadherin all showed the opposite changes to 
LDHD knockdown. In addition, compared with negative 
control transfected cells, the phosphorylation level of Akt 
in HepG2 and Huh7 cells transfected with LDHD siRNA 
was significantly increased, but significantly decreased in 
GFP-LDHD transfected cells (Fig. 11C).

Discussion
Cancer cells undergo a metabolic shift towards anaerobic 
glycolysis, and LDHs play a crucial role in this process 
[31]. Increased expression of LDHs has been observed 
in many patients with advanced cancer, making them a 
potential diagnostic marker for cancer. Analyzing the 
expression and prognosis of LDHs in cancer revealed 
that LDHs were differentially expressed in specific can-
cers and were correlated with the prognostic survival of 
patients. These suggest that LDHs subtype may impact 
the biological progression of certain cancers. Preliminary 
interesting experimental results prompted us to further 
analyze LDHs subtype in pan-cancer from the aspects 
of methylation, mutation patterns, immune infiltration, 
functional enrichment analysis and potential chemother-
apeutic agents.

DNA methylation regulates gene expression at an epi-
genetic level. Aberrant DNA methylation is associated 
with malignancy. Gene expression levels generally show 
an opposite change to the DNA methylation level [32]. 
Our result showed that LDHs subtype can influence 
DNA methylation levels in certain cancers. This suggests 
that LDHs subtype may impact cancer progression by 
affecting DNA methylation. Analysis of LDHs subtype 
mutations in pan-cancers using the cBioportal data-
base revealed that LDHs was mutated in most tumors. 
These results suggest an association between mutations 
in the LDHs gene and pan-cancer. Correlation analyses 
also indicate an association between LDHs expression 
and molecular and immune subtypes of different cancer 
types.

The immune microenvironment in tumor tissues trans-
lates into tumor heterogeneity and affects the clinical 
efficacy of anticancer drugs. Therefore, the correlation 
between LDHs expression and StromalScore, Immune-
Score, ESTIMAEScore and TumorPurity in pan-cancer 
were analyzed. We further investigated the correlation 
of LDHs expression with stemness score DNAss and 
RNAss, which revealed the association of LDHs with spe-
cific cancer types (BRCA, LGG, LIHC, and LUAD). As 
immune checkpoint therapy for tumors becomes increas-
ing effective, the relationship between immune check-
point-related genes in patients with different tumor types 
of LDHs was analyzed. The results showed that LDHs 



Page 16 of 20Wang et al. BMC Cancer          (2024) 24:156 

Fig. 10 Knockdown or overexpression of LDHD affects the proliferation of HCC cell. A Western Blotting was used to detect the transfection 
efficiency of LDHD siRNA and GFP-LDHD in HepG2 and Huh7 cells; B CCK-8 assay was used to detect the cell viability; The effects of LDHD siRNA 
and GFP-LDHD on the proliferation of HepG2 and Huh7 cells were detected using EdU (C) and colony formation (D) assays. *P < 0.05, **P < 0.01, 
***P < 0.001 vs. NC group
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significantly affect the expression of immune checkpoint-
related genes in various tumor types. This suggests that 
LDHs may serve as a potential class of therapeutic targets 
and play an important role in tumor immunity and tumor 

microenvironment. The findings provide a new direc-
tion for future combinational targeted immunotherapy. 
In recent years, TMB and MSI have emerged as predic-
tive markers for the efficacy of tumor immunotherapy, 

Fig. 11 Knockdown or overexpression of LDHD affects HCC cell migration and invasion. A Wound healing assay was used to investigate 
the effects of LDHD siRNA and GFP-LDHD on HepG2 and Huh7 cell migration; B Transwell assay was used to determine the effects of LDHD siRNA 
and GFP-LDHD on HepG2 and Huh7 cell migration and invasion; C Western Blotting was performed to measure the expression levels of N-cadherin, 
E-cadherin, MMP-2, MMP-9 and Akt phosphorylation after LDHD siRNA and GFP-LDHD transfection in HepG2 and Huh7 cell lines. *P < 0.05, 
**P < 0.01, ***P < 0.001 vs. NC group
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TMB reflects the extent of cancer mutations, and tumors 
with high TMB tend to have higher levels of neoanti-
gens presented to T cells via major histocompatibility 
complex (MHC) proteins. This help the immune system 
to recognize tumors and activate the anti-tumor effects 
of stem cells [33]. Therefore, higher TMB levels usually 
indicate better immunotherapeutic efficacy. MSI is a phe-
notype resulting from defects in DNA mismatch repair. It 
is associated with increased cancer susceptibility and is 
considered an important biomarker for immune check-
point blockade therapy [34]. In this study, we analyzed 
the correlation between LDHs and TMB as well as MSI. 
The data showed that the expression of LDHs correlates 
with TMB and MSI in a variety of cancer types. The 
result suggests that LDHs may be novel biomarkers for 
predicting a patient’s response to immunotherapy.

Enrichment analysis using GSEA indicated a significant 
association between LDHs subtype and classic cancer-
related pathways. Drug sensitivity analysis conducted on 
the CellMiner database showed that LDHs subtype was 
associated with anticancer drugs. These findings suggest 
that the expression of LDHs subtype can predict the ther-
apeutic effect of drugs and influence the response to tar-
geted molecular therapeutics, making LDHs a potential 
new target for future cancer therapy.

Upon analyzing the expression, clinical practice and 
immune infiltration of LDHs subtype in various cancers, 
it was discovered that LDHD plays a key role in the prog-
nosis and immune infiltration of HCC patients. Analy-
sis of the differential expression of LDHs subtype across 
cancer patients revealed that LDHD expression was low 
in HCC patients. Furthermore, LDHD expression was 
found to be highly correlated with patient prognosis and 
clinicopathological features in HCC patients. To further 
analyze the clinical significance of LDHD differential 
expression in HCC patients, logistic regression analy-
sis revealed that the LDHD gene has the potential to be 
an indicator of HCC stage, Multivariate Cox regression 
analysis showed that LDHD gene expression was an inde-
pendent prognostic factor associated with OS in HCC 
patients. Therefore, it can be concluded that the expres-
sion of the LDHD gene is important for the treatment of 
patients with HCC. We also found that LDHD expression 
was associated with molecular subtypes and immuno-
logical subtypes of HCC patients, suggesting that LDHD 
may influence the prognosis of HCC patients through 
immune cell infiltration.

To verify the reliability of the results, the experiments 
were performed at the cellular level. It has been reported 
that MMP-2 and MMP-9 are the major enzymes respon-
sible for degrading type IV collagen and they play an 
important role in the metastasis and invasion of HCC 
[35]. Epithelial-mesenchymal transition (EMT) is a 

complex biotransformation process that enables epithe-
lial cells to temporarily acquire mesenchymal charac-
teristics. EMT is considered to be an important factor 
in cancer invasion and metastasis [36]. Akt/PKB (pro-
tein kinase B), a serine-threonine kinase, is involved in 
a variety of cellular pathways, including survival, pro-
liferation, invasion, apoptosis and angiogenesis [37]. 
We investigated the effects of LDHD on the biological 
behavior in  vitro, and the underlying molecular mecha-
nism. Our data showed that LDHD significantly affected 
the viability, proliferation and migration ability of HepG2 
and Huh7 cells. Additionally, it affected the expression of 
MMP-2, MMP-9, N-cadherin, E-cadherin and Akt phos-
phorylation. These findings suggest that LDHD inhibits 
the proliferation and migration of HCC cells through 
affecting the Akt signaling pathway, MMPs expression, 
and EMT.

Conclusion
Our study was limited to online databases retrieval rather 
than physical data collection. To enhance the reliability of 
the results cross-validation methods were employed with 
multiple databases. Although our results are primar-
ily based on bioinformatics analysis and require experi-
mental validation, this study can provide new research 
directions. In addition, both bioinformatics analyses and 
in vitro experiments suggest that LDHD may be a poten-
tial biomolecular marker and immunotherapeutic target 
in HCC.
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Additional file 1: Fig. S1. Correlation between expression of LDHs family 
genes and overall survival of patients with different TCGA cancer types. 
A. Survival curve analysis between LHDA gene expression and overall 
survival of patients with ACC, CESC, LGG, LIHC, LUAD and PAAD; B. Survival 
curve analysis between LDHB gene expression and overall survival in 
patients with GBM, HNSC, LGG, LIHC, LUAD and SKCM; C. Survival curve 
analysis between LDHC gene expression and overall survival of UCEC and 
UVM patients; D. Survival curve analysis between LDHD gene expres-
sion and overall survival of patients with ACC, CESC, KIRC, KIRP, LUAD and 
UVM. Fig. S2. Protein expression levels of LDHA family genes in different 
cancer tissues and normal tissues based on the HPA database. IHC images 
of LDHA (A), LDHB (B), LDHC (C) and LDHD (D) in lung and lung cancer, 
thyroid and thyroid cancer, kidney and kidney cancer from the HPA 
database. Fig. S3. Assessment of the prognostic value of the LDHs family 
genes in pan-cancer patients. ROC curve analysis of LDHs family genes 
to assess the utility of LDHs as a prognostic marker in BRCA patients (A), 
COAD patients (B); HNSC patients (C); KICH patients (D), KIRC patients (E), 
KIRP patients (F), LUSC patients (G); READ patients (H), STAD patients(I) and 
THCA patients (J). Fig. S4. Biological functions of LDHs in pan-cancer. A. 
KEGG signature of LDHA in LGG, LIHC and STAD for GSEA analysis; B. GSEA 
analysis of KEGG features of LDHB in BRCA, HNSC, LIHC and STAD; C. GSEA 
analysis of KEGG features of LDHC in BRCA, KICH and STAD; D. GSEA analy-
sis of KEGG features of LDHD in HNSC, KICH and LIHC. Fig. S5. Correlation 
of LDHs expression in pan-cancer and immune subtypes. Correlation of 
LDHs expression with immune subtypes in BLCA (A), BRCA (B), KIRC (C), 
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KIRP (D), LGG (E), LIHC (F), LUAD (G), OV (H), PRAD (I), and UCEC (J). Fig. 
S6. Association between LDHs family gene expression and pan-cancer 
molecular subtypes. A. Correlation between LDHA expression and BRCA, 
HNSC, KIRP, LGG, PCPG, PRAD, STAD and UCEC molecular subtypes; B. Cor-
relation between LDHB expression and BRCA, ESCA, HNSC, LGG, OV, PCPG 
and PRAD molecular subtypes; C. Correlation between LDHC expression 
and BRCA, HNSC, OV, PCPG, STAD and UCEC molecular subtypes; D. Cor-
relation between LDHD expression and BRCA, COAD, ESCA, HNSC, LGG, 
LIHC, PRAD, STAD and UCEC molecular subtypes. Fig. S7. Correlation 
between the expression of genes of the LDHs family in pan-cancer and 
immune-related molecules based on the analysis of the TISIDB database. 
Correlation between the expression of LDHA (A), LDHB (B), LDHC (C) and 
LDHD (D) in pan-cancer and immune inhibitors, immune stimulators and 
MHC molecules in the TISIDB database. Fig. S8. Association between 
LDHD gene expression and clinicopathological features as well as immune 
cell infiltration in HCC. A. LDHD gene expression in HCC tissues and 
normal tissues; B-C. Relationship between LDHD expression levels and OS, 
PFS in HCC patients. Association between LDHD gene expression in HCC 
and age (D), gender (E), T stage (F), Histological grade (G), Pathological 
stage (H) and AFP (I). (J) Association between LDHD gene expression and 
immune cell infiltration.

Additional file 2: Table S1. Prognostic risk of LDH in pan-cancer analysed 
by Cox regression. Different coloured lines represent risk values for differ-
ent genes in the tumour. Risk ratios <1 indicate low risk and risk ratios >1 
indicate high risk.

Additional file 3: Table S2. TCGA liver cancer patient characteristics.

Additional file 4: Table S3. LDHD expression correlated with clinical 
pathological characteristics (logistic regression).

Additional file 5: Table S4. Univariate analysis and multivariate analyses 
of liver cancer patient overall survival.
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