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prognosis and promotes hepatocellular carcinoma
progression via PISK/Akt pathway
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Abstract: Hepatocellular carcinoma (HCC) stands out as a remarkably diverse and complex disease, presenting a
myriad of challenges when it comes to predicting prognostic outcomes. Although lactate and branched-chain amino
acids (BCAA) are important for the development and progression of various tumors, their function in HCC progres-
sion remained largely unclear. The study aimed to identify molecular subtypes in HCC based on lactate metabolism
and BCAA metabolism. Clustering 370 HCC patients revealed two distinctive subtypes associated with unfavor-
able prognosis. Differential expression analysis identified 941 DEGs in lactate metabolism subtypes and 518 in
BCAA metabolism subtypes, primarily linked to tumor and metabolism pathways. Prognostic analysis identified 27
LRG-BCAA-DGEs inversely correlated with long-term survival across various cancers. Methylation analysis showed
a negative correlation between methylation and mRNA expression of these genes, with limited impact on survival
outcomes. NXPH4, dysregulated across tumors, exhibited complex associations with immune cells and prognostic
implications in HCC. Functional analysis revealed DEGs associated with endodermal cell differentiation and meta-
bolic pathways. NXPH4 knockdown suppressed HCC cell proliferation, migration, and invasion, indicating its poten-
tial as a therapeutic target. Additionally, NXPH4 modulated glucose metabolism via the PI3K/Akt pathway. FOXK1
was identified as a potential transcriptional regulator of NXPH4, suggesting a regulatory axis in HCC tumorigenesis.
The study highlights the molecular complexity of HCC, providing insights into potential biomarkers and therapeutic
targets.
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Introduction

Liver cancer, a deadly ailment with a high inci-
dence and poor prognosis, is predominantly
represented by liver hepatocellular carcinoma
(HCC), constituting 75%-85% of cases within
the spectrum of liver malignancies [1, 2]. As a
prevalent cancer, numerous factors have been
substantiated as contributors to its onset, en-
compassing viral infections and the presence
of cirrhosis. Liver cancer shows significant re-
gional variations globally [3, 4]. Some regions,
such as East Asia (particularly China), Southeast
Asia, and sub-Saharan Africa, have relatively
higher incidence rates of liver cancer. Factors
like diet, prevalence of viral hepatitis infec-
tions, and other environmental factors in these
areas may be associated with the occurren-
ce of liver cancer [5, 6]. The risk of liver cancer

increases with age, particularly in the age group
of 60 and above. Long-term chronic liver dis-
eases, liver cirrhosis, and other factors contrib-
ute to an elevated risk of liver cancer in the
elderly population [7]. Although some patients
with HCC undergo radical hepatectomy, the
high occurrence of postoperative recurrence
and metastasis remains a significant challenge
for patient survival. Therefore, the exploration
of reliable and promising prognostic indicators
for individuals with HCC is of paramount im-
portance.

Lactate is an organic acid and one of the meta-
bolic byproducts in the process of lactate fer-
mentation. It is produced by microorganisms
such as lactic acid bacteria under anaerobic
conditions [8, 9]. Lactate is generated as part
of the metabolic pathway during the breakdown
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of sugars. Under anaerobic conditions, sugars
like glucose are converted into lactate through
the process of glycolysis [10]. This phenome-
non occurs in various cells, including microor-
ganisms and muscle cells. Tumor cells often
exhibit enhanced glycolysis, producing lactate
even in the presence of oxygen, a phenomenon
known as the “Warburg Effect”. Due to the im-
perfect vascular structure in tumor tissues, a
hypoxic environment further contributes to the
accumulation of lactate [11, 12]. The accumu-
lation of lactate can impact the survival, prolif-
eration, and metastasis of tumor cells. On one
hand, lactate can influence the acid-base bal-
ance in the tumor microenvironment, leading to
acidification and promoting tumor invasion and
metastasis. On the other hand, lactate may
also play a role in signaling and regulating cel-
lular behaviors within tumor cells [13-15]. The
accumulation of lactate may affect the function
of immune cells, influencing the immune es-
cape of tumors. Some studies suggest that
high lactate concentrations can impact the
activity of immune cells, suppressing their cy-
totoxic effects and favoring the evasion of im-
mune surveillance by tumors [16, 17]. Never-
theless, it is still not known how lactate relates
to HCC.

Branched Chain Amino Acids (BCAAs) consti-
tute a class of amino acids, including Isoleucine,
Valine and Leucine. They are termed branched-
chain due to the presence of a branched chemi-
cal structure [18]. These amino acids are es-
sential, meaning the body cannot synthesize
them and must obtain them through dietary
sources. Leucine activates the mTOR signaling
pathway within cells, a critical pathway associ-
ated with protein synthesis and cell growth [19,
20]. Certain cancer cells exhibit a heightened
dependence on BCAAs, particularly Leucine,
which may be linked to their increased require-
ments for growth and proliferation. Valine and
Isoleucine participate in the degradation of
muscle proteins, releasing amino acids as a
source of energy [21, 22]. In specific scenarios,
tumor cells may utilize BCAAs from surrounding
normal tissues as an energy source, leading to
adverse effects on the body. Leucine, by acti-
vating the mTOR pathway, promotes protein
synthesis, potentially playing a role in the gr-
owth and proliferation of tumor cells [23, 24].
Some studies suggest that modulating the
metabolism of BCAAs could influence the bio-
logical behavior of tumor cells. In summary,
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branched-chain amino acids play crucial roles
in cellular metabolism, and their relationship
with tumor cells involves influencing pathways
related to growth, energy metabolism, and pro-
tein synthesis. Gaining a better grasp of this
connection can help shed light on the underly-
ing biology of cancer cells and lead to the iden-
tification of new therapeutic targets. Unfor-
tunately, research on the link between BCAAs
and HCC is lacking at the moment.

Our research findings demonstrate that the
combined expression of lactate and BCAAs
metabolism genes serves as a reliable indica-
tor for the prognosis of HCC, offering valuable
guidance for treatment decisions. Through con-
sensus clustering, 370 samples were catego-
rized into high and low-risk groups. Kaplan-
Meier survival curves were then employed, re-
vealing a significant correlation between HCC
survival and the metabolism of lactate along
with the associated BCAAs. Additionally, a piv-
otal gene, NXPH4, implicated in lactate and
BCAAs metabolism, was identified. The evi-
dence presented strongly suggests that NXPH4
acts as a tumor promoter in the progression of
HCC. Overall, our findings not only offer a reli-
able prognostic indicator for HCC but also shed
light on the significance of lactate and BCAAs in
the context of HCC. The identification of NXPH4
as a key player in these processes adds a layer
of understanding to the molecular mechanisms
involved in HCC progression, opening avenues
for further research and potential therapeutic
strategies.

Materials and methods
Cell culture

The LO2 cell line, representing normal human
liver cells, and five other cell lines (HepG2,
Huh7, Hep3B, MHCC97H, and SMMC-7721),
along with human embryonic kidney (HEK) 29-
3T cells, were obtained from the Cell Bank of
the Chinese Academy of Sciences in Shanghai,
China. These cells were carefully maintained in
a controlled incubator at 37°C with a 5% C0O2
atmosphere. The cell culture utilized DMEM
(Dulbecco’s Modified Eagle Medium) procured
from Gibco in Grand Island, NY, USA. To ensu-
re optimal growth conditions, 10% FBS (Fe-
tal Bovine Serum) from the same source was
added to the medium, providing essential nutri-
ents and growth factors. Furthermore, a 1%
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penicillin-streptomycin solution from Invitrogen
in CA, USA, was introduced to the culture me-
dium to prevent bacterial contamination and
maintain a sterile environment.

Cell transfection

In the experimental framework, we strategically
employed the Lipofectamine 3000 method,
recognized for its proficiency in achieving effi-
cient cell transfection, strictly following recom-
mended guidelines from the manufacturer,
Invitrogen (USA). The precise execution of this
method by Genetong Biological organization
(Xiamen, Fujian, China) involved integrating
NXPH4 shRNA sequences into PLVX-shRNA
vectors, designated as sh-NXPH4-1 and sh-
NXPH4-2, with meticulous precision to meet
the specific objectives of the experimental
design. After successfully constructing these
shRNA vectors, each containing the targeted
NXPH4 shRNA sequences, they were co-trans-
fected individually with pVSVG, pRRE, and pREV
plasmids into HCC cells. Notably, the timing of
this co-transfection process coincided with the
cells reaching a critical confluence of 70%, opti-
mized for the experiment. The cutting-edge
Lipofectamine 3000 technology, along with its
specialized chemicals, played a vital role in
ensuring the efficiency and accuracy of the co-
transfection process. To enrich the experimen-
tal scope further, we incorporated an overex-
pressing plasmid, pcDNA3.1-FOXK1, sourced
from Genetong Biological Corporation (Xiamen,
Fujian, China). This specific plasmid facilita-
ted exploring FOXK1 overexpression dynamics
within the experimental setup, providing valu-
able insights into the overall research objec-
tives.

Quantitative real-time polymerase chain reac-
tion (QRT-PCR)

The experimental process commenced with
the isolation of total RNA using the well-estab-
lished Trizol reagent from Thermo Fisher, adher-
ing meticulously to the recommended proto-
cols. Subsequently, the RNA underwent pre-
paration through the Cytoplasmic & Nuclear
RNA Purification kit, a product of Norgen Biotek
based in Thorold, Canada. This step followed
the precise guidelines provided by the manu-
facturer, ensuring the integrity and purity of the
RNA samples. For the synthesis of complemen-
tary DNA (cDNA), 500 nanograms of the puri-
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fied RNA were employed, utilizing the TagMan
cDNA synthesis kit from Thermo Fisher. The
procedures outlined in the kit's protocols were
diligently followed to guarantee the accuracy
and efficiency of the cDNA synthesis process.
In preparation for quantitative reverse transc-
ription-polymerase chain reaction (qQRT-PCR),
the synthesized cDNA was combined with SYBR
Green, a fluorophore from Solarbio located in
Beijing, China. Primer pairs specific to the tar-
get genes were also included in the reaction
mix. Applied Biosystems’s ABI 7500 FAST Real-
Time PCR System, located in Foster City, CA,
USA, was used to perform the qRT-PCR studies.
GAPDH was chosen as the endogenous refer-
ence gene for normalization, ensuring the accu-
racy of the relative quantification. The analysis
of the relative RNA levels was carried out utiliz-
ing the 2-AACt method, providing a robust and
standardized approach to assess gene expres-
sion changes within the experimental setup.
RT-PCR for NXPH4 was carried out with the
forward primer 5'-AAGGTCTTCGGACGGCCTA-3’
and reverse primer 5-GCAGCGAAAACTTGAGG-
GTAT-3'. GAPDH forward: 5-TCCAGGAGCCGCA-
CTTCTA-3’ and reverse: 5-CTCCGGGATGTGGA-
TCTTCA-3'. FOXK1 forward: 5’-CCCGTGTCCCGT-
TGTTTTTC-3’ and reverse: 5-GCAACAGGTACG-
GACTTCCA-3..

Cell viability assay

Cells (1 x 10* cells per well) were planted in
96-well plates (Nest Biotechnology) and nur-
tured with the designated concentration of sub-
stances for a duration of 12 hours. Following
the treatment culmination, 10 uL of CCK-8
reagent was introduced into each well, suc-
ceeded by a 2-hour incubation at 37°C. The
determination of cell viability ensued through
the measurement of the absorbance value at
450 nm utilizing a microplate reader. Replica-
tion of each trial group occurred in triplicate.
This study design encompasses cellular plant-
ing, exposure to defined chemical concentra-
tions, a 2-hour incubation involving CCK-8
reagent, and the evaluation of cell viability
through absorbance quantification at 450 nm
using a microplate reader.

Colony formation

Transfected HepG2 and Huh7 cells were seed-
ed at a density of 5 x 102 cells per well in 6-well
plates and cultured for 2 weeks at 37°C. During
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this incubation, the culture medium was re-
freshed every 4 days to maintain optimal cell
conditions. Afterward, cells were thoroughly
washed with PBS and fixed with 4% paraformal-
dehyde for 15 minutes at room temperature.
Fixed cells were then stained with 0.5% crystal
violet (Sigma-Aldrich, Merck KGaA) for 10 min-
utes at room temperature. Colony formation
assessment, defined as clusters with more
than 50 cells, was carried out using an optical
microscope. This involved observing and count-
ing distinct colonies formed by the transfected
cells. This comprehensive experimental proto-
col facilitated a detailed analysis of the long-
term growth and proliferation characteristics of
transfected HepG2 and Huh7 cells.

Cell wound healing assay

A total of 100,000 cells per well were meticu-
lously seeded into individual wells of a 6-well
plate and nurtured in a complete medium.
Upon reaching 75% confluence, a sterile pipette
tip was employed to create consistent wounds
across the cellular layers. Subsequently, the
wounded cell layers underwent multiple phos-
phate-buffered saline (PBS) washes to elimi-
nate any lingering cell debris. The cells were
then subjected to additional incubation in a
serum-free medium for a duration of 48 hours.
During this incubation period, the cells demon-
strated migration towards the wounded sur-
face, depicting an in vitro healing phenomenon.
The advancement of in vitro wound healing
was captured using an inverted fluorescence
microscope, and the closure rate was assessed.
The healing rate was computed using the for-
mula: [(initial wound width at O hours-wound
width at 48 hours)/initial wound width at O
hours] x 100%.

Transwell assay

Cells were exposed to varying concentrations
of corylin a day before being placed into tran-
swell chambers with an 8 um pore size. Each
well received 3 x 105 cells. The lower chamber
was enriched with a 15% FBS concentration.
After seeding and a 48-hour incubation, cells
were precisely fixed with methanol for 30 min-
utes and subsequently stained using a 0.5%
crystal violet solution for 20 minutes. Cham
bers underwent a comprehensive PBS wash-
ing, and cells in the upper chambers were gen-
tly detached. Microscopic analysis was utilized
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to capture cell visuals, and quantification was
performed by tallying cell numbers.

Western blotting

Using the radioimmunoprecipitation assay lysis
buffer supplied by Thermo Fisher, protein isola-
tion was carried out from HepG2 and Huh7
cells. The bicinchoninic acid protein assay kit,
manufactured by BioVision of San Francisco,
CA, USA, was used to measure the amounts of
the proteins that were extracted. The subse-
quent steps involved the separation of proteins
on 10% sodium dodecyl sulfate-polyacrylamide
gels, followed by their transfer onto polyvinyli-
dene fluoride membranes (Thermo Fisher).
After a brief incubation in 5% milk, the mem-
branes were incubated overnight at 4°C with
primary antibodies diluted 1:1000. The next
step was to incubate the membranes for an
additional hour at room temperature with 5%
bovine serum albumin diluted to 1:5000 and
horseradish peroxidase-conjugated anti-rabbit
or anti-mouse secondary antibodies (BD Bio-
sciences). Syngene systems and GeneSnap so-
ftware, both developed by Syngene in Frederick,
MD, USA, were subsequently used to assess
the yielded protein bands.

In vivo assays

Athymic BALB/c nude mice (4-week old, male,
weighing 16-18 g) were obtained from (Saiye
Biology, Suzhou, China) and maintained in a
specific pathogen-free (SPF) facility under con-
trolled conditions (temperature: 22 + 2°C,
humidity: 50%-60%, 12-hour light/dark cycle)
with free access to sterilized food and water.
HepG2 cells in the logarithmic growth phase
were harvested using trypsinization, washed
twice with sterile PBS, and resuspended at a
concentration of 1 x 107 cells/mL. For tumor
formation assays, each mouse was subcutane-
ously injected with 0.2 mL of the cell suspen-
sion (containing 1 x 107 cells) into the right
flank region using a 1 mL syringe with a 27-
gauge needle. Mice were monitored daily for
general health, behavior, and weight. Tumor vol-
ume was measured using digital calipers every
seven days, and calculated using the formula:
volume = (length x width?)/2. After 4 weeks,
mice were euthanized by cervical dislocation
under anesthesia, and tumors were excised,
photographed, and weighed. All experimental
procedures were reviewed and approved by the
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Committee on the Ethics of Animal Experiments
of Henan Provincial People’s Hospital and con-
ducted in accordance with institutional guide-
lines and regulations for animal care and use.

ChIP assay

For ChIP tests, this research used Millipore
Magna ChIP kits manufactured by YuSheng
Biotech of Jinan, Shandong, China. After that,
cells were harvested and DNA and protein
crosslinks were created by applying formalde-
hyde for 15 minutes. After that, the cells were
treated with a glycine buffer (10 x concentra-
tion) to remove the formaldehyde, which ended
the crosslinking reaction. The next step was to
use sonication to create DNA fragments with
a range of 200 to 400 base pairs. The Abcam
FOXK1 antibody, which was acquired from Qi-
Bio in Wuhan, Hubei, China, was subsequently
used to precipitate these DNA fragments. We
used PTG anti-IgG antibodies from Wuhan, Hu-
bei, China, as a hold-out. Lastly, the DNA frag-
ments that precipitated were determined and
quantified using qPCR analysis. This provided
valuable information about the associations
and interactions that were explored.

Luciferase reporter assays

The construction of various sequences relat-
ed to the NXPH4 promoter was entrusted to
Viraltherapy Technology in Wuhan, Hubei, Chi-
na. Specifically, the wild-type (WT) of the NXPH4
promoter sequence, along with mutant sequ-
ences incorporating predicted binding site mu-
tations, were separately integrated into pGL3
luciferase reporter plasmids. This process all-
owed for the creation of three distinct groups
for luciferase reporter assays: the wild-type
(WT) group and the MT group representing
the mutant sequences. Following the plas-
mid constructions, co-transfections were per-
formed using either pcDNA3.1 empty plasmids
or pcDNA3.1-FOXK1 plasmids with the respec-
tive luciferase reporter plasmids from the wild-
type (WT) and MT groups into 293T cells. After
a 48-hour incubation period, cells from each
group were harvested, and luciferase activities
were determined using luciferase reporter kits
from Promega in Pudong, Shanghai, China.

Glucose uptake and lactate secretion detec-
tion

The Glucose Uptake-Glo™ Assay kits from Pro-
mega in Pudong, Shanghai, China, were em-
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ployed to assess glucose uptake in HCC cells
under various treatment conditions. Briefly,
HepG2 and Huh7 cells, post-treatment, were
seeded in 96-well plates. After 24 hours, the
cells were exposed to 2-deoxy-D-glucose (2DG)
and incubated for 10 minutes. Subsequently, a
sequential addition of stop buffer and neutral-
ization buffer was performed. Following this,
the 2DG6P Detection Reagent was introduced,
and the cells were incubated for an additional
30 minutes. Luminescence detection was car-
ried out using the GloMax® Navigator Microplate
Luminometer from Promega in Pudong, Shang-
hai, China. Similarly, the Lactate-Glo™ Assay
kits from Promega in Pudong, Shanghai, China,
were utilized to detect lactate secretion based
on the manufacturer’s protocols. These assays
provided valuable insights into the metabolic
activities of HCC cells, particularly in terms of
glucose uptake and lactate secretion, which
are indicative of cellular metabolic alterations
under different treatment conditions.

Acquisition of public data

The RNA-sequencing expression (level 3) and
corresponding clinical information of liver hepa-
tocellular carcinoma (LIHC) including 370 HCC
samples and 50 paired normal samples were
downloaded from database. The clinical char-
acteristics of the HCC patients are temporarily
provided in Table 1. In addition, the cell line
MmRNA expression matrix of tumors was ob-
tained from the CCLE dataset. Meanwhile, 335
lactate metabolism-relate genes (LRGs) and 21
BCAA metabolism-related genes were acquired
based on the GeneCards (https://www.gene-
cards. org/) and Molecular Sighatures Data-
base (MSigDB, https://www.gsea-msigdb.org/
gsea/msigdb/), respectively.

Consensus clustering

ConsensusClusterPlus, an R language package
tailored for bioinformatics and data analysis,
specializes in cluster analysis. Serving as an
extension of ConsensusCluster, its primary
goal is to identify highly consistent clustering
structures, facilitating a better understanding
of complex biological datasets. In this study,
the expression patterns of lactate metabolism-
related genes (LRGs) within HCC samples we-
re examined using the “ConsensusClusterPlus”
package. Additionally, subtypes related to BCAA
metabolism were determined based on the ex-
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Table 1. Association between high NXPH4 expression and several approach, illuminating their
factors potential roles in biological
. Low expression  High expression processes.
Characteristics of NE)(PH4 gof N)‘zPH4 P value . o .
Online bioinformatics analy-
n 185 185 sis websites
Gender, n (%) 0.0037
Female 45 72 The analysis in this study
Male 140 113 employed the Gene Set Can-
Age, n (%) 0.566 cer Analysis (GSCA) database
<60 85 92 (http://bioinfo.life.hust.edu.
> 60 100 04 cn/GSCA/#/). to mvgshgqte
) gene expression, survivals (in-
Pathologic stage, n (%) 0.00019 cluding 0S, PFS, DSS), SNV,
Stage | & Stage Il 146 112 CNV, and methylation across
Stage Ill & Stage IV 39 73 various cancers based on
Histologic grade, n (%) The Cancer Genome Atlas (TC-
G1&G2 126 109 0.066 GA) data. The expression of
G3&G4 59 76 NXPH4 in both pan-cancers

pression profiles of BCAA metabolism-related
genes. To validate these clustering results, Prin-
cipal Component Analysis (PCA) was applied.
Further analysis involved the use of the “Sur-
vival” package to compare overall survival (OS)
among different subtypes. The investigation
also included the creation of an expression
heatmap depicting the gene expression pat-
terns in various HCC subtypes. This compre-
hensive approach provided valuable insights
into the distinct metabolic subtypes within HCC
and their potential implications for patient
survival.

Acquirement of differentially expressed genes
(DEGS) in different subtypes

The limma package was employed to identify
differentially expressed genes (DEGs) based
on criteria of |log2FC| > 0.5 and p.adjusted <
0.05 within lactate metabolism-related sub-
types and BCAA metabolism-related subtypes.
The resulting DEGs were visualized using the
“ggplot2” package to generate volcanic maps
and heatmaps, with additional visualization
carried out through the “pheatmap” package.
Furthermore, Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGQG)
pathway enrichment analyses were conducted
on the DEGs using the “clusterProfiler” R pack-
age. The outcomes of these analyses were pre-
sented using the “ggplot2” package. A detailed
exploration of gene expression differences
within lactate and BCAA metabolism-related
subtypes was enabled by this comprehensive
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was separately examined us-
ing the TIMER 2.0 database
(http://timer.cistrome.org/). Additionally, KEGG
pathway enrichment analysis was performed
using the R software “ClusterProfiler”, and the
results were visualized by plotting the top 20
signaling pathways through the Chiplot website
(https://www.chiplot.online/#).

Statistical analysis

The analysis was conducted using R software
version 3.5.3. To assess the significance of dif-
ferences between the risk score and clinico-
pathological characteristics, either a one-way
ANOVA or Student’s t-test was applied based
on the specific context. Kaplan-Meier survival
curves were skillfully crafted to explore poten-
tial disparities in survival between groups des-
ignated as high and low-risk. It is important
to emphasize that all statistical assessments
were two-sided, and a threshold of P value
below 0.05 was considered to indicate statisti-
cal significance, unless explicitly stated other-
wise.

Results

Identification of lactate metabolism subtypes
and BCAA metabolic subtypes

The most effective clustering occurred when
categorizing 370 HCC patients into two distinc-
tive molecular subtypes (k = 2), as shown in
Figure 1A-C. These groupings were established
based on the expression patterns of genes
related to lactate metabolism (LRGs). The visu-
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Figure 1. Identification of molecular subtypes based on lactate metabolism and Branched-Chain Amino Acid (BCAA)
metabolism in Hepatocellular Carcinoma (HCC) Patients. A-C. Optimal clustering of 370 HCC patients into two dis-
tinct molecular subtypes (k = 2) based on the expression patterns of genes associated with lactate metabolism
(LRGs). D. Visualization of lactate metabolism-related gene (LRG) expression differences among the identified mo-
lecular subtypes. The heatmap illustrates the relative expression levels of LRGs, highlighting the distinctive patterns
within the identified subtypes. E, F. Prognostic implications of lactate metabolism-associated subtypes. G-L. Parallel
examination of genes related to BCAA metabolism.
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al representation of LRG expression differenc-
es among the identified subtypes is presented
in Figure 1D. Remarkably, within the lactate me-
tabolism-associated subtypes, cluster 2 dem-
onstrated an unfavorable prognosis compared
to cluster 1, depicted in Figure 1E and 1F.
Additionally, a parallel examination of genes
related to BCAAS in Figure 1G-L supported sim-
ilar observations.

Analysis of DEGs in different subtypes

In the lactate metabolism-associated sub-
types, a total of 941 DEGs were uncovered, fea-
turing 184 genes with increased expression
and 757 with decreased expression, as illus-
trated in Figure 2A and 2B. Meanwhile, among
the subtypes related to BCAAs metabolism, a
cohort of 518 DEGs surfaced, with 81 genes
up-regulated and 437 genes down-regulated,
depicted in Figure 2C and 2D. Upon exploring
the results of Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG)
analyses, it was apparent that the DEGs were
primarily associated with pathways pertinent to
tumors and metabolism, as visualized in Figure
2E-H.

Identification of prognostic LRG-BCAA-DGEs in
HCC patients and pan-cancer analysis

A Venn diagram was employed to screen LRG-
BCAA-DGEs specifically in HCC patients. The
identification of 38 upregulated LRG-BCAA-
DGEs in HCC patients is elucidated in Figure
3A. To delve deeper into their prognostic rele-
vance, a Univariate analysis was conducted,
unveiling 27 prognostic LRG-BCAA-DGEs in
HCC patients. The Kaplan-Meier analysis un-
derscored that all 27 prognostic LRG-BCAA-
DGEs were inversely correlated with the long-
term survival of HCC patients, as demonstrated
in Figure 3B and 3C. With the validation of 27
LRG-BCAA-DGEs in HCC, our investigation ex-
panded to evaluate their expression and prog-
nostic implications across diverse cancers.
Differential expression analysis using the Gene
Set Cancer Analysis (GSCA) database revealed
that the majority of the 27 LRG-BCAA-DGEs
exhibited heightened expression levels across
pan-cancers, as depicted in Figure 4A. Fur-
thermore, the exploration of the association
between subtypes of various cancer types and
the expressions of these 27 genes uncovered a
subtype-specific expression pattern in breast
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cancer (BRCA), kidney renal clear cell carcino-
ma (KIRC), lung adenocarcinoma (LUAD), lung
squamous cell carcinoma (LUSC), stomach ad-
enocarcinoma (STAD), and others (Figure 4B).
The trend of mRNA expression for these genes
from early to late pathological stages was visu-
alized by a trend plot, indicating up-regulation
in late pathological stages across numerous
tumor types (Figure 4C). Furthermore, the pri-
mary variation classification types of these
genes predominantly comprised missense mu-
tations, evident from the single nucleotide vari-
ant (SNV) summary graphic, with the most prev-
alent SNV class being C > T (Figure 4D-F). Co-
py number variation (CNV) analysis, a pivotal
hallmark of cancer development, revealed that
all 27 LRG-BCAA-DGEs exhibited numerous
heterozygous copy number amplifications and
deletions across the majority of cancer types.
Additionally, homozygous CNV amplifications
and deletions of these genes were observed in
more than half of the cancer types, as demon-
strated in Figure 4G and 4H. In summary, the
identified LRG-BCAA-DGEs show promise as
potential biomarkers with prognostic value ac-
ross various cancers, shedding light on their
role in cancer development and progression.
Further research and validation are warranted
to elucidate the specific mechanisms underly-
ing their influence on tumor biology and patient
outcomes.

Methylation analysis of LRG-BCAA-DGEs in
pan-cancers

Methylation is a biochemical process involving
the addition of methyl groups to biomolecules.
In living organisms, methylation typically refers
to the methylation of DNA or proteins. Me-
thylation is a complex and crucial biological
modification that plays a vital role in regulating
normal cellular functions and gene expression.
Consequently, our attention turned to exploring
the methylation patterns of the 27 LRG-BCAA-
DGEs across a spectrum of cancers. Figure 5A
illustrates the evaluation of methylation distinc-
tions among the 27 LRG-BCAA-DGEs in various
cancer types. Additionally, an examination of
the correlation between methylation and mRNA
expression of 23 LRG-BCAA-DGEs in pan-can-
cers revealed a prevailing negative correlation
in most cancer types, as shown in Figure 5B.
The investigation extended to HCC, where a
consistent negative correlation was observed.
Specifically, all 23 LRG-BCAA-DGEs mRNA ex-
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Figure 2. Analysis of Differentially Expressed Genes (DEGs) in lactate metabolism-associated and Branched-Chain
Amino Acid (BCAA) Metabolism-Associated Subtypes of HCC Patients. A and B. Identification of DEGs in lactate
metabolism-associated subtypes: a total of 941 degs were identified. C and D. Identification of DEGs in BCAA Me-
tabolism-associated subtypes. E-H. Functional enrichment analysis of DEGs: results of GO and KEGG analyses
illustrating the primary pathways associated with the identified DEGs.
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Figure 3. Identification and prognostic analysis of lactate metabolism and Branched-Chain Amino Acid (BCAA)
metabolism-related genes in Hepatocellular Carcinoma (HCC) Patients. A. Venn diagram depicting the overlap of
essential genes associated with lactate metabolism (LRGs) and branched-chain amino acid metabolism (DGESs) in
HCC patients. B and C. Prognostic Analysis of LRG-BCAA-DGEs in HCC Patients by Univariate analysis and Kaplan-
Meier analysis.

pression levels in liver LIHC exhibited a pro-
nounced inverse correlation with their respec-
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tive methylation levels (Figure 5C). Furthermore,
an exploration of the impact of methylation dif-
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Figure 4. Expression and prognostic analysis of lactate metabolism and Branched-Chain Amino Acid (BCAA) me-
tabolism-related genes across various cancers. A. Pan-cancer Differential Expression Analysis: using the Gene Set
Cancer Analysis (GSCA) database. B. Subtype-Specific Expression Pattern. C. Visualization of the trend of mRNA
expression for the identified genes across early to late pathological stages in various tumor types. D. Overall Survival
Analysis. D-F. Single Nucleotide Variant (SNV) summary graphic: predominant variation classification types of these
genes, with missense mutations highlighted, and the most prevalent SNV class being C > T. G, H. Copy Number
Variation (CNV) Analysis.

ferences on survival outcomes (including over- and disease-specific survival (DSS)) between
all survival (OS), progression-free survival (PFS), high and low methylation states in each cancer
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Figure 5. Methylation patterns and correlation analysis of LRG-BCAA-DGEs across Cancers. A. Evaluation of methyla-
tion distinctions among the 27 LRG-BCAA-DGEs in various cancer types. B. Examination of the correlation between
methylation and mRNA expression of 23 LRG-BCAA-DGEs in pan-cancers. C. Investigation of the correlation between
methylation and mRNA expression levels of 23 LRG-BCAA-DGEs in HCC. D. Impact on survival outcomes.
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was conducted. The findings indicated that, for
most cancer types, the methylation distinctions
of the 23 LRG-BCAA-DGEs had limited effects
on survival outcomes, with the exception of
lower-grade glioma (LGG), as depicted in Figure
5D. In summary, the extensive analysis of me-
thylation patterns across diverse cancers re-
vealed a prevailing negative correlation be-
tween methylation and mRNA expression of
the 23 LRG-BCAA-DGEs. Additionally, the influ-
ence of methylation differences on survival out-
comes was relatively constrained across the
majority of cancer types, underscoring the im-
perative for further investigation into the intri-
cate relationship between methylation, gene
expression, and cancer prognosis.

The expression and prognostic value of NXPH4
in HCC

Following the pan-cancer analysis, NXPH4 lev-
els were found to be dysregulated across vari-
ous tumor types, as shown in Figure 6A. This
dysregulation was similarly observed in NXPH4
methylation patterns, as illustrated in Figure
6B. Further immune analysis unveiled associa-
tions between NXPH4 levels and numerous
immune cell types in various tumors, as depict-
ed in Figure 6C-H. In the subsequent focus-
ed examination of NXPH4 expression in HCC,
heightened expression was confirmed in HCC
specimens compared to non-tumor specimens,
as presented in Figure 7A. Moreover, elevated
NXPH4 expression positively correlated with
advanced tumor grade and clinical stage, as
showcased in Figure 7B and 7C. The relation-
ship between NXPH4 expression and molecular
subtype, as well as immune subtype, is depict-
ed in Figure 7D and 7E. Additionally, the analy-
sis revealed a negative association between
NXPH4 levels and methylation, outlined in Fi-
gure 7F and 7G. The 370 patients included in
this study were categorized into high-risk and
low-risk groups based on the median value of
NXPH4 expression. Survival analysis outcomes
indicated that patients with high NXPH4 expres-
sion exhibited shorter overall survival (OS) and
progression-free survival (PFS) compared to
those with low NXPH4 expression, as demon-
strated in Figure 7H and 7I. Further immune
analysis revealed positive associations be-
tween NXPH4 levels and various immune cell
types, including nTreg, NTK, B cells, and DC, as
presented in Figure 7J-M. In conclusion, NXPH4
exhibits complex regulatory patterns, potential-
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ly playing a multifaceted role in cancer progres-
sion, prognosis, and interaction with the im-
mune system. Further research is warranted to
elucidate the specific mechanisms underlying
NXPH4's involvement in different cancers and
its potential as a therapeutic target or prognos-
tic marker.

The biological functions of NXPH4 in HCC

After that, we isolated a variety of DEGs from
individuals whose NXPH4 levels were either
high or low. A total of 376 DEGs were screened
(Figure 8A and 8B). Moreover, the results of
GSEA analysis revealed that 376 DEGs we-
re mainly associated with endodermal cell dif-
ferentiation, interleukin-10 production, positi-
ve regulation of small molecule metabolic pro-
cess, cell cortex, cell projection membrane,
centriolar satellite, acyl-CoA binding, acyltrans-
ferase activity and MHC class Il protein com-
plex binding (Figure 8C-E). Moreover, the re-
sults of KEGG analysis indicated that 376 DEGs
were mainly associated with Drug metabolism
- cytochrome P450, Metabolism of xenobiotics
by cytochrome P450, Retinol metabolism and
Chemical carcinogenesis - DNA adducts (Figure
8F). Importantly, the top 20 signaling pathway
was shown in Figure 8G, including PPAR signal-
ing pathway, PI3K-Akt signaling pathway, HIF-1
signaling pathway, Glucagon signaling pathway
and Relaxin signaling pathway.

Knockdown of NXPH4 expression distinctly
suppressed the proliferation, migration, inva-
sion and EMT of HCC cells

We conducted both RT-PCR and Western blot
analyses to evaluate NXPH4 expression levels
in HCC cells. The results indicated a significant
elevation of NXPH4 in five distinct HCC cell
lines compared to LO2 cells, as depicted in
Figure 9A. To delve deeper into the functional
consequences of NXPH4, shRNA plasmids were
utilized to efficiently suppress NXPH4 expres-
sion in HepG2 and Huh7 cells, achieving an effi-
cacy of over 60%, as illustrated in Figure 9B.
Functional assessments, encompassing CCK-8
and clonogenic assays, were then employed to
scrutinize the effects of NXPH4 knockdown on
the proliferation of HepG2 and Huh7 cells. The
outcomes demonstrated a pronounced inhibi-
tion of cell proliferation in response to NXPH4
knockdown, as highlighted in Figure 9C and 9D.
Then, we next sought to investigate the roles of
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Figure 6. Expression, methylation, and immune analysis of NXPH4 across various tumor types. A. Dysregulation of
NXPH4 Levels in pan-cancers. B. lllustration of NXPH4 methylation patterns, showcasing alterations in methylation
levels across different tumor types. C-H. Comprehensive immune analysis revealing associations between NXPH4

levels and diverse immune cell types in various tumors.

NXPH4 in modulating HCC tumorigenesis in
vivo. Firstly, we separately infected HepG2 cells
with sh-NXPH4-1 and sh-NC lentivirus. Sub-
sequently, the cells were collected and trans-
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planted into nude mice. After four weeks, the
tumor-bearing mice were sacrificed and the
subcutaneous tumors were harvested. The tu-
mors in the sh-NC group were remarkably larg-
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Figure 7. Comprehensive analysis of NXPH4 expression, clinical correlations, and immune associations in HCC.
(A) Elevated Expression of NXPH4 in HCC. (B and C) Positive correlation between elevated NXPH4 expression and
advanced tumor grade (B) and clinical stage (C) in HCC patients. (D and E) lllustration of the relationship between
NXPH4 expression and molecular subtype (E) in HCC patients. (F and G) A negative association between NXPH4
levels and methylation patterns in HCC. (H and 1) Outcome of survival analysis demonstrating that patients with high
NXPH4 expression exhibit shorter overall survival (OS) and progression-free survival (PFS) compared to those with
low NXPH4 expression in HCC. (J-M) Immune Cell Associations.

er than NXPH4 knockdown groups (Figure 9E).
The results of tumor growth curves confirmed
that NXPH4 depletion markedly reduced tu-
mor volumes (Figure 9F). In addition, repress-
ing NXPH4 expression resulted in significantly
decreased tumor weights (Figure 9G). Addi-
tionally, we investigated the impact of NXPH4
on the migratory and invasive capabilities of
HCC cells. Wound healing experiments show-

cased a substantial hindrance in cell migration
upon NXPH4 knockdown, as displayed in Fi-
gure 10A. Transwell assays further corroborat-
ed these findings, revealing a diminished inva-
sive ability of HepG2 and Huh7 cells following
NXPH4 knockdown, as presented in Figure
10B. Moreover, we explored the expression lev-
els of pivotal epithelial-mesenchymal transition
(EMT) markers, including N-cadherin, E-cad-
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Figure 8. Functional analysis of DEGs Associated with NXPH4 Expression in HCC. (A and B) Isolation of 376 DEGs
from HCC patients with varying levels of NXPH4 expression. (C-E) Gene Set Enrichment Analysis (GSEA): results of
GSEA analysis depicting the enriched biological processes (C), cellular components (D), and molecular functions (E)
associated with the 376 DEGs. (F) KEGG Pathway Analysis of 376 DEGs. (G) The top 20 signaling pathways.

herin, and Vimentin. The results indicated that
the attenuation of NXPH4 led to a downregula-
tion of N-cadherin and Vimentin expression,
while concurrently upregulating E-cadherin ex-
pression, as demonstrated in Figure 10C. Co-
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llectively, these findings suggest that NXPH4
may exert a crucial role in modulating the prolif-
eration, migration, and invasion of HCC cells,
underscoring its potential as a therapeutic tar-
get in HCC treatment.
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Figure 9. Knockdown of NXPH4 suppressed the proliferation of HCC cells. A. NXPH4 expression in HCC cell lines
compared to LO2 cells using RT-PCR and Western blot analyses. B. Utilization of shRNA plasmids to efficiently sup-
press NXPH4 expression in HepG2 and Huh7 cells. C and D. Functional Assessments: CCK-8 and clonogenic assays
employed to investigate the impact of NXPH4 knockdown on the proliferation of HepG2 and Huh7 cells. E. Images of
whole tumors from the nude mice injected with HepG2 cells stably infected with sh-NC or sh-NXPH4-1. F. Effects of
ZFPM2-AS1 depletion in HepG2 cells on subcutaneous tumor growth. Tumor volumes were measured every 4 days.
G. Tumor weights were measured after the tumors were harvested from indicated groups. *P < 0.05, **P < 0.01.

NXPH4 modulates glucose uptake and lactate
secretion via PI3K/Akt pathway in HCC cells

Given the significant correlation between NX-
PH4 dysregulation and cancer survival, particu-
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larly in HCC, our subsequent focus aimed to
thoroughly investigate its role through experi-
mental inquiries, aiming to uncover its func-
tions in HCC tumorigenesis. Expanding our
examination to the intricate link between NX-
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PH4 and glucose metabolism, we assessed
glucose uptake and lactate secretion upon
NXPH4 silencing. The results unequivocally re-
vealed that decreased NXPH4 expression sig-
nificantly curtailed both glucose uptake and
lactate secretion, as depicted in Figure 11A
and 11B. Moreover, we conducted Western blot
analyses to authenticate these findings, affirm-
ing that NXPH4 knockdown distinctly sup-
pressed the expression of pivotal regulators of
glucose metabolism, including GLUT1 and HK2,
as illustrated in Figure 11C. In the concluding
phase of our exploration, we delved into the
potential molecular mechanisms underlying
these observations, affirming that NXPH4 kno-
ckdown led to a suppression of PI3K and AKT
phosphorylation, as evidenced by Figure 11D.
These combined results offer valuable insights
into the intricate molecular pathways through
which NXPH4 exerts its influence on glucose
metabolism in HCC, illuminating its potential as
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Figure 10. NXPH4 knockdown suppressed the me-
tastasis and EMT in HCC cells. A. Wound Healing
Assay. B. Transwell assays conducted to assess the
invasive ability of HepG2 and Huh7 cells following
NXPH4 knockdown. C. Evaluation of the expression
levels of key epithelial-mesenchymal transition (EMT)
markers, including N-cadherin, E-cadherin, and Vi-
mentin, upon NXPH4 knockdown.

a therapeutic target in the context of HCC
tumorigenesis.

FOXK1 directly targets NXPH4 promoter

To unravel the potential mechanisms driving
the dysregulation of NXPH4 in HCC cells, we uti-
lized the JASPAR database to predict binding
sites for FOXK1 in the NXPH4 promoter region.
The results uncovered a single potential bind-
ing site of FOXK1 in the NXPH4 promoter region,
as depicted in Figure 12A. Subsequently, we
evaluated the expression of FOXK1 in HepG2
and LO2 cells, confirming heightened expres-
sion in HepG2 cells, as demonstrated in Figure
12B. Additional validation through RT-PCR and
Western blot confirmed that the transfection of
Oe-FOXK1 distinctly upregulated FOXK1 expres-
sion in HepG2 cells, as illustrated in Figure
12C. To experimentally validate the binding
capacity of FOXK1 to the predicted site, we gen-
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Figure 11. Functional insights into the role of NXPH4 in glucose metabolism
in HCC. A. Assessment of glucose uptake in HCC cells upon NXPH4 silencing.
B. Analysis of lactate secretion in HCC cells following NXPH4 knockdown. C.
Western Blot Analysis for the expression of key regulators of glucose me-
tabolism, including GLUT1 and HK2. D. Western blot for the expression of
the related proteins of PI3K/Akt pathway in HCC cells.

erated wild-type (WT) and mutation (MT) lucif-
erase reporter plasmids, as presented in Figure
12D. Luciferase reporter assays revealed that
overexpressing FOXK1 increased the relative
luciferase activity of the mutation binding site,
indicating direct binding of FOXK1 to the NXPH4
promoter site, as shown in Figure 12E. Further
confirmation was obtained through ChIP analy-
sis, providing evidence that FOXK1 directly tar-
gets the NXPH4 promoter. Finally, we verified
that the overexpression of FOXK1 distinctly
downregulated the expression of NXPH4 in
HepG2 cells, as depicted in Figure 12F. These
findings collectively highlight FOXK1's direct
targeting of the NXPH4 promoter, suggesting
a potential regulatory mechanism contributing
to NXPH4 dysregulation in HCC cells. These
findings suggest that FOXK1 may act as a tran-
scriptional regulator of NXPH4, providing insig-
hts into the molecular interactions that contrib-
ute to the dysregulation of NXPH4 in HCC.
Further exploration of this FOXK1-NXPH4 regu-
latory axis may unravel additional complexities
in HCC tumorigenesis, offering potential ave-
nues for therapeutic intervention targeting this
specific molecular pathway.
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Huh?7

ers have limitations, such as
low sensitivity, specificity is-
sues, and susceptibility to fa-
Ise positives. Clinical staging
based on TNM classification
provides valuable information
but lacks detailed molecular
insights and may have redu-
ced predictive capability for
early-stage lesions [27, 28].
Molecular markers, including
gene expression patterns and
specific gene mutations (e.g.,
TP53, CTNNB1), offer more
detailed information but face
challenges related to hetero-
geneity and complex gene networks [29, 30].
The recent identification of lactate and BCAAs
metabolism genes as potential indicators adds
a promising avenue for prognosis assessment.

The relationship between lactate and BCAAs
metabolism and cancer is intricately linked to
altered cellular energetics, proliferation, and
the modulation of the tumor microenvironment
[31, 32]. Cancer cells exhibit aberrant meta-
bolic features, where lactate and BCAAs play
crucial roles in sustaining energy needs and
supporting cell growth [18, 33]. The “Warburg
effect” manifests as an increased production
of lactate even in the presence of oxygen, pro-
viding cancer cells with essential energy for
survival and proliferation through aerobic gly-
colysis. Simultaneously, alterations in BCAAs
metabolism, including leucine, isoleucine, and
valine, contribute to protein synthesis, signal
transduction, and the regulation of cell prolif-
eration [8, 34, 35]. These metabolic shifts not
only fuel cancer cell survival and growth but
also influence the tumor microenvironment.
High levels of lactate contribute to tumor acidi-
fication, potentially promoting invasion and
metastasis. Moreover, metabolites from BCAAs
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Figure 12. FOXK1 directly targets NXPH4 promoter in HCC cells. A. Utilizing the JASPAR database, a potential binding
site of FOXK1 in the NXPH4 promoter region was predicted. B. FOXK1 Expression in HCC cells by western blot and
RT-PCR. C. RT-PCR and Western blot validation of the transfection efficiency of Oe-FOXK1. D. Luciferase reporter as-
say: generation of wild-type (WT) and mutation (MT) luciferase reporter plasmids to experimentally validate FOXK1
binding. E. Confirmation of FOXK1's direct targeting of the NXPH4 promoter through ChIP analysis. F. Verification
that overexpression of FOXK1 distinctly downregulated the expression of NXPH4 in HepG2 cells.

metabolism may play a role in tumor immune
evasion. HCC employs multiple mechanisms to
evade recognition and elimination by the im-
mune system. These mechanisms include the
upregulation of immune checkpoint molecules
such as PD-L1 and CTLA-4, the recruitment of
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regulatory T cells (Tregs) and myeloid-derived
suppressor cells (MDSCs), as well as the secre-
tion of immunosuppressive cytokines such
as TGF-B and IL-10. (Ning, J., Wang, Y. & Tao, Z.
The complex role of immune cells in antigen
presentation and regulation of T-cell respons-
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es in hepatocellular carcinoma: progress, chal-
lenges, and future directions. Front. Immunol.
15, 1483834 (2024)). Research related to he-
patocellular carcinoma (HCC) has demonstrat-
ed that CD4+ and CD8+ T cells within tumor tis-
sues and ascitic fluid exhibit increased expres-
sion of TIM-3 and PD-1. Treatments targeting
TIM-3 and PD-1 not only show significant antitu-
mor efficacy individually, but their combined
application enhances T cell infiltration into
tumor tissues. (Zhang, X.-S. et al. Combined
TIM-3 and PD-1 blockade restrains hepatocel-
lular carcinoma development by facilitating
CD4+ and CD8+ T cell-mediated antitumor im-
mune responses. World J Gastrointest Oncol
15, 2138-2149 (2023)). The high level of the
immunosuppressive molecule LAG-3 in HCC
tumor tissues serves as a prognostic factor
for survival. Notably, a high proportion of LAG-
3+ and LAG-3+CD8+ cells prior to treatment is
associated with improved survival outcomes
in patients following immunotherapy. (Cheung,
C. C. L. et al. Immunohistochemical scoring of
LAG-3 in conjunction with CD8 in the tumor
microenvironment predicts response to immu-
notherapy in hepatocellular carcinoma. Front.
Immunol. 14, 1150985 (2023)). Recent res-
earch suggests that analyzing the expression
of genes involved in these metabolic pathways
can provide prognostic information for certain
cancers [36, 37]. Understanding the intricate
interplay between lactate and BCAAs metabo-
lism and cancer holds promise for developing
more effective therapeutic strategies by target-
ing these key metabolic pathways. Research
has found that BCAA metabolism in adipocytes
plays a significant role in glycolysis and lipogen-
esis during the differentiation of fat cells.
Impairment of BCAA metabolism leads to a
decrease in glycolytic; however, the cells can
compensate by increasing the utilization of
pyruvate. (Green, C. R. et al. Impaired branched-
chain amino acid (BCAA) catabolism during adi-
pocyte differentiation decreases glycolytic flux.
Journal of Biological Chemistry 300, 108004
(2024)). This can explain the impact of BCAA
metabolism on lactate metabolism. Research
on HCC has revealed that elevated levels of
BCAAs in the liver may have a carcinogenic
effect. In comparison between liver cirrhosis
and HCC, the levels of glutamate, a-tocopherol,
valine, isoleucine, leucine, and cholesterol are
found to be increased in HCC, whereas citrate,
lactate, and sorbitol are downregulated in HCC.
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(Nezami Ranjbar, M. R. et al. GC-MS Bas-
ed Plasma Metabolomics for Identification of
Candidate Biomarkers for Hepatocellular Car-
cinoma in Egyptian Cohort. PLoS ONE 10, eO-
127299 (2015)). In this study, we identified dis-
tinct molecular subtypes based on lactate
metabolism and BCAA pathways in 370 HCC
patients. The clustering into two subtypes for
both lactate metabolism and BCAA revealed
notable differences in patient prognosis, with
cluster 2 showing an unfavorable outcome.
Further analysis identified a significant number
of DEGs in each subtype, with enrichment in
pathways related to tumors and metabolism.
This suggests that the identified subtypes may
have clinical relevance, offering insights into
HCC progression and potential implications for
personalized therapeutic approaches targeting
specific metabolic pathways.

Moreover, we identified 27 prognostically sig-
nificant genes among 38 upregulated LRG-
BCAA-DGEs in HCC patients. Pan-cancer analy-
sis revealed elevated expression of these
genes across different cancers, displaying sub-
type-specific patterns. Notably, 12 LRG-BCAA-
DGEs significantly influenced overall survival,
particularly in kidney renal clear cell carcinoma
(KIRC), liver hepatocellular carcinoma (LIHC),
and lower-grade glioma (LGG). Methylation an-
alysis indicated a negative correlation between
methylation and mRNA expression across can-
cers, with limited effects on survival outcomes
in most types, except for lower-grade glioma
(LGG). These findings suggest the potential bio-
logical and clinical significance of these genes
in HCC and other cancers, providing clues for a
deeper understanding of their roles in tumor
development and progression. Further research
may help determine the application potential of
these genes in personalized therapeutic strate-
gies. Among the critical genes, our attention
focused on NXPH4. We provided evidences
that NXPH4 was highly expressed in HCC
patients and associated with poor prognosis
of HCC patients. More importantly, we per-
formed functional assays and observed that
NXPH4 was highly expressed in HCC cells and
its knockdown distinctly suppressed the prolif-
eration, metastasis and EMT pathway of HCC
cells. These findings contribute to a deeper
understanding of the specific pathways and
processes influenced by NXPH4, providing a
foundation for future research into the molecu-
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lar intricacies of HCC. Ultimately, the character-
ization of NXPH4 as a key regulator in HCC
opens up possibilities for tailored therapeutic
interventions that could improve patient out-
comes in the context of HCC.

Glucose uptake and lactate secretion play cru-
cial roles in the development of liver cancer.
Within cancer cells, there is a phenomenon
known as the “Warburg effect”, wherein cancer
cells preferentially undergo glycolysis to pro-
duce lactate, even in the presence of oxygen,
rather than utilizing the normal oxidative phos-
phorylation pathway [38, 39]. This results in an
abnormal dependency of cancer cells on glu-
cose, manifested by increased glucose uptake
and corresponding lactate secretion. This phe-
nomenon is also significantly evident in liver
cancer. Cancer cells in the liver, aiming to meet
their rapid proliferation and survival energy
demands, enhance glucose uptake and sustain
their metabolism by generating lactate through
glycolysis [40, 41]. This abnormal metabolic
pattern not only provides the necessary energy
for cancer cells but may also impact the tumor
microenvironment, leading to acidification and
promoting invasion and metastasis of the
tumor. Overall, glucose uptake and lactate
secretion play pivotal roles in liver cancer devel-
opment. Understanding the regulatory mecha-
nisms of these metabolic processes contrib-
utes to a deeper comprehension of the bi-
ological characteristics of liver cancer, poten-
tially providing targets for innovative therapeu-
tic strategies aimed at disrupting these abnor-
mal metabolic pathways to inhibit the growth
and spread of liver cancer cells. In this study,
we found that decreased NXPH4 expression
significantly curtailed both glucose uptake and
lactate secretion. It has been confirmed that
the PI3K/Akt pathway exerts direct regulatory
effects on glucose uptake. Activation of the
PI3K/Akt pathway promotes the expression
and transport of glucose transporter (GLUT),
thereby enhancing cellular glucose uptake. Akt
activation also leads to the phosphorylation of
insulin receptor substrate 2 (IRS-2), facilitating
the translocation of GLUT4 and increasing glu-
cose internalization. Additionally, the PI3K/Akt
pathway is involved in the regulation of lactate
secretion. In malignant tumor cells, overactiva-
tion of the PI3K/Akt pathway promotes the pro-
gression of glycolysis, leading to increased pro-
duction of lactate from glucose via glycolysis.
Akt activation further influences the expression
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of key enzymes such as lactate dehydrogenase
(LDH), contributing to an additional elevation
in lactate production. In this study, we also con-
firmed that NXPH4 may modulate glucose
uptake and lactate secretion via PI3K/Akt path-
way in HCC cells.

Transcription factors are a class of proteins
that play a crucial regulatory role within cells,
particularly in the process of gene transcription
[42, 43]. These proteins exert their influence by
binding to specific regions of DNA, thereby
impacting the transcriptional activity of nearby
genes. Transcription factors can either promote
or inhibit the transcription of genes to which
they bind [44, 45]. They achieve this by regulat-
ing the activity of RNA polymerase or by inter-
acting with other regulatory proteins. The activ-
ity of transcription factors is often subject to
regulation by cellular signaling pathways. For
instance, signaling molecules within the cell
can activate or inhibit transcription factors,
thereby modulating the expression of associat-
ed genes [46, 47]. In order to explore the poten-
tial mechanisms involved in NXPH4 dysregula-
tion in HCC cells, we searched the JASPAR
database and revealed a specific binding site
for FOXK1 in the NXPH4 promoter. FOXK1 is a
member of the FOX (Forkhead box) family of
transcription factors. Transcription factors are
proteins that play a crucial role in regulating
gene expression, influencing various cellular
processes. Previously, several studies have re-
ported that FOXK1 was highly expressed in
HCC cells and its knockdown suppressed the
proliferation and metastasis of HCC cells. In
this study, our results demonstrate direct bind-
ing of FOXK1 to the predicted NXPH4 promoter
site. Overexpression of FOXK1 results in a
significant downregulation of NXPH4 in HepG2
cells. These findings suggest FOXK1 acts as a
transcriptional regulator of NXPH4, offering
insights into the dysregulation of NXPH4 in
HCC. The FOXK1-NXPH4 axis may represent
a potential therapeutic target for HCC inter-
vention.

This article has some limitations. Firstly, HCC
patients in the article is primarily based on a
sample of 370 individuals. This sample size is
relatively small and may not comprehensively
represent the diversity of all HCC patients.
Larger-scale studies was needed to conduct a
more comprehensive analysis across different
populations and cases. Secondly, the article
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relies solely on in vitro laboratory validation for
exploring the functions of NXPH4. It is essential
to further confirm its biological effects through
additional cell lines and animal models. Thirdly,
we identified potential biomarkers correlated
with the prognosis of HCC patients. However,
the clinical relevance of these results requires
further validation through additional indepen-
dent clinical studies to ensure the robustness
and accuracy of these biomarkers in actual
patients.

Conclusion

In conclusion, our study identified distinct lac-
tate metabolism and BCAAs subtypes in 370
HCC patients, revealing significant prognostic
differences between clusters. The analysis of
DEGs associated with these subtypes highlight-
ed their involvement in crucial tumor-related
pathways. The prognostic significance of lac-
tate metabolism and branched-chain amino
acid-related genes was validated across diver-
se cancers, emphasizing their potential as bio-
markers. NXPH4 emerged as a key player in
HCC, demonstrating dysregulation across tu-
mors, association with advanced stages, and a
complex role in cancer progression and immune
modulation. Moreover, our findings unveiled a
novel regulatory axis involving FOXK1 targeting
the NXPH4 promoter, shedding light on poten-
tial therapeutic avenues for HCC treatment.
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