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Background: MRT4 Homolog, Ribosome Maturation Factor (MRTO4) is often upregulated in cancer cells. However, its impact
in hepatocellular carcinoma (HCC) is less well understood. Herein, we explored the prognostic and energy me-
tabolism reprogramming role of MRTO4 in HCC.

Material/Methods: Clinical data were obtained from The Cancer Genome Atlas (TCGA), and the expression of MRTO4 in clinical
samples was analyzed. The association between different variables and overall survival (OS) was studied, as
well as their potential as independent prognostic factors, using Cox regression analysis. We constructed a no-
mogram including clinical pathological variables and MRTO4 expression to provide a predictive model for prog-
nosis. Heatmaps, Gene Ontology (GO), and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis re-
vealed the relationship between energy metabolism pathways and MRTO4. We used classic molecular biology
research methods, including RT-qPCR, Western blotting, CCK8, TUNEL, Clone formation, Transwell assay, ELISA,
and immunohistochemistry, to study the role of MRTO4 in promoting the progression of HCC through glycoly-
sis regulation.

Results: Our study showed that MRTO4 is an independent prognostic risk factor for HCC and that MRTO4 accelerates
glycolysis of HCC cells, promotes proliferation and invasion, and suppresses apoptosis of HCC cells. The under-
lying mechanism involves MRTO4 promoting glycolysis and accelerating HCC by inhibiting ALDOB.

Conclusions: Our study revealed a novel mechanism by which MRTO4 promotes glycolysis and accelerates HCC progression,
and suggests that inhibiting MRTO4 could be a potential therapeutic strategy for HCC.
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Introduction

Hepatocellular carcinoma (HCC) is the most common type of
primary liver cancer, ranking in the top 3 for cancer-related mor-
tality [1]. There were 906 000 new cases of HCC and 830000
deaths worldwide in 2020, with confirmed cases and mortal-
ity rates increasing year by year [1]. The high mortality rate
of HCC is largely attributed to delayed diagnosis and limited
treatment options [2,3]. Despite the possibility of aggressive
treatments such as tumor resection, chemotherapy, and exter-
nal beam radiation therapy, HCC patients currently face a poor
prognosis [4]. Thus, exploring molecular biomarkers and their
mechanisms in HCC is of great significance in guiding clinical
treatment and improving long-term survival rates of patients.

Research has found that various characteristic metabolic chang-
es, inflammation, immune dysregulation, and fibrosis are close-
ly associated with the progression of HCC [5,6]. Energy metab-
olism reprogramming is considered one of the major hallmarks
of cancer [7]. Adequate energy and biosynthetic intermedi-
ates are prerequisites for the progression of cancer cells [8].
Increasing evidence suggests that high levels of glycolytic flux,
which consume large amounts of glucose and produce abun-
dant lactate, promote tumor cell proliferation, metastasis, and
drug resistance [9,10]. The metabolic intermediates generat-
ed during aerobic glycolysis can be used for biosynthesis of
tumor biological macromolecules to meet the needs of rapid
growth. Moreover, lactate production also provides an acid-
ic environment, suppresses immune cell function, and further
promotes the survival of cancer cells, contributing to cancer
invasion and metastasis [11,12]. Aldolase has a crucial role in
glycolysis; it can convert fructose 1,6-bisphosphate into glycer-
aldehyde 3-phosphate (G3P) and dihydroxyacetone phosphate
(DHAP), thereby controlling fatty acid synthesis and glycolysis
to further influence the Warburg effect [13]. ALDOB is one of
the major enzymes in the aldolase family, mainly expressed in
the liver, kidneys, and small intestine [14]. Human ALDOB mu-
tations have been reported to cause hereditary fructose intol-
erance (HFI), which can lead to liver and kidney failure, coma,
and even death after fructose intake [15]. Moreover, multiple
studies have demonstrated that ALDOB is downregulated in
HCC tissues [16,17], and stable expression of ALDOB can in-
hibit the invasiveness and metastatic potential of liver cancer
cells [17]. Therefore, ALDOB downregulation causing metabol-
ic reprogramming of cancer cells may be important in acceler-
ating the progression of HCC. However, the upstream signal-
ing events of HCC progression and metabolic reprogramming
caused by ALDOB deficiency are still unknown.

MRT4 homolog, MRTO4, is located on human chromosome
17925.3 and plays a critical role in ribosome biogenesis [7,18].
In recent years, several studies have reported MRTO4 as a bio-
marker in tumor progression, such as buccal mucosa squamous
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cell carcinoma and ovarian cancer [19,20]. However, the specif-
ic role of MRT4 in tumor progression and the associated mo-
lecular mechanisms have not been reported. Therefore, in this
study, we investigated the predictive value of MRTO4 in HCC
and clarified its relationship with tumor metabolism repro-
gramming. Additionally, we assessed the role of MRTO4 in HCC
glycolysis and metastasis by regulating ALDOB in vitro and in
vivo. This study is the first to explore the promoting effect of
MRTO4 on HCC by regulating ALDOB, may help develop novel
therapies, and provides effective clinical biomarkers for HCC.

Material and Methods

Patient Datasets

We sourced mRNA expression data, encompassing 374 HCC
samples (RNAseq, TPM), along with clinical details, from the
TCGA database (https://cancergenome.nih.gov). The detailed
clinical features were listed in Table 1. To corroborate the ex-
pression levels of MRTO4 in HCC, we additionally retrieved
mRNA expression datasets GSE121248 (comprising 70 HCC
patients and 36 adjacent normal tissues) and GSE45267
(with 48 primary HCC samples and 39 non-cancerous tis-
sues) from the NCBI Gene Expression Omnibus (GEO) data-
base (https://www.ncbi.nlm.nih.gov). Approval of the Ethics
Committee of the Second Affiliated Hospital, Shantou University
Medical College was obtained for the protocols used in the
study (2020-7).

Survival Analysis

Kaplan-Meier curves were constructed using the TCGA data-
base for HCC to investigate the association between MRTO4
expression and patient survival across a range of clinical fac-
tors. The ‘survival’ package in R facilitated the analysis of this
association. Both the hazard ratio (HR) and the log-rank P val-
ue were determined within a 95% confidence interval [21].

Formulation and assessment of nomograms for predicting HCC
survival. The ROC diagnostic curve, along with its time-depen-
dent counterpart, was crafted using the ‘pROC’ and ‘time-ROC’
R packages. A nomogram designed to estimate the 1-, 3-, and
5-year overall survival rates for HCC patients was created with
the aid of an R package. Key prognostic indicators from the
clinical dataset were identified through Cox regression analysis.

Protein-Protein Interaction Network

Data on protein—protein interactions (PPI) were obtained from
the STRING database (https://string-db.org) to envision the PPI
network for genes co-expressed alongside MRTOA4. Interactions
that achieved a combined score greater than 0.15 were deemed
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Table 1. Clinical characteristics of the hepatocellular carcinoma patients.

Characteristics Low expression of MRTO4 High expression of MRTO4 P value
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Table 1 continued. Clinical characteristics of the hepatocellular carcinoma patients.

Characteristics Low expression of MRTO4 High expression of MRTO4 P value

Alive 135 (36.1%) 109 (29.1%)

Bold values indicate * P<0.05. Statistical analysis was performed by the Pearson y?-test. OS — overall survival.
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important. The Cytoscape 3.9.1 tool was employed to create
this network [22].

Functional Enrichment Analysis

From the TCGA, we retrieved the top 300 genes linked to
MRTO4 in HCC as well as the top 300 genes related to HCC
survival. These genes underwent enrichment analysis in the
DAVID database, emphasizing Gene Ontology (GO) categories,
including biological processes, cellular components, and mo-
lecular functions. We also carried out KEGG pathway analyses,
and the results were visualized using the ggplot2 package in
R. A corrected P value of less than 0.05 was deemed statisti-
cally significant [23].

Immune Infiltration Analysis by Single-Sample GSEA
(ssGSEA)

We utilized the GSVA package in R (http://www.biocondutor.
org/package/release/bioc/html/GSVA.html) to conduct immune
infiltration analysis on carcinoma samples, using GSEA to as-
sess 24 distinct immune cell types. To discern the relationships
between carcinoma and each immune cell subset, we execut-
ed a Spearman’s correlation coefficient analysis.

ROC Curve Methodology

Receiver operating characteristic (ROC) curve analysis was con-
ducted using the ‘pROC’ package in R. This analysis evaluat-
ed the sensitivity and specificity of MRTO4 expression levels
in distinguishing between HCC and adjacent normal tissues.
The area under the curve (AUC) was calculated to assess the
diagnostic performance.

LinkedOmics Database Analysis

We gleaned information on the MRTO4 expression pattern
from the LinkedOmics database. Using the GSEA function
within the Link Interpreter module, we explored the GO and
KEGG pathways associated with MRTO4 and genes expressed
in conjunction with it [24].

TISIDB Database Analysis

We utilized the TISIDB database (http://cis.hku.hk/TISIDB/) to
assess the relationship between MRTO4 mRNA expression and
immune checkpoint genes through the “Immunomodulator”
module. Additionally, the “chemokine” module facilitated our
exploration of the link between MRTO4 mRNA expression and
the expression of chemokines and their receptors [25].
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Cell Culture

Human hepatoma cell lines HepG2 and MHCC97H were pur-
chased from the Cell Bank of the Chinese Academy of Sciences
(Shanghai, China). Two cells were sown in RPMI-1640 media
with 10% FBS and 1% penicillin streptomycin, incubated at
37°C in a humidity-saturated incubator with 5% CO,. When
the cell fusion rate was 80~90%, the cells were passaged, and
the cells with good growth status in generation 3 were taken
for subsequent experiments.

In Vivo Tumorigenesis

We obtained 18 BALB/c nude mice, aged from 5 to 8 weeks,
weighing 18 to 20 g, from the Experimental Center of
Guangzhou Ruige Biological Technology Co. LTD. The mice
were placed in a specific pathogen-free room kept at 25°C with
12-h alternating light and dark cycles, fed ad libitum, and as-
signed to groups after 1 week of adaptive feeding. The mice
were randomly divided into the si-NC group and the si-MRTO4
group, with 5 mice in each group. The si-MRTO4 group and si-
NC group were injected with 2.0x10%° MHCC-97H cells in the
left hepatic lobe [26]. The vector group mice were injected with
an equal amount of MHCC-97H cells in the same location. The
growth of the xenografts was observed every 5 days. After the
observation period of 21 days, the mice were euthanized, and
the tumor tissues were isolated to measure tumor mass and
volume. The tumors were weighed using an electronic labora-
tory scale. The Experimental Animal Ethics Review Committee
of Guangzhou Seyotin Biotechnology Co., LTD granted approv-
al for this animal experiment (SYT2023046).

Immunohistochemistry

Tissue sections were dewaxed in xylene, washed in phosphate-
buffered saline (PBS) for 5 min, and then underwent antigen
repair and endogenous enzyme activity blocking. Then, they
were incubated with 10% fetal bovine serum albumin at 37°C
for 20 min. After removing the protein block solution, we added
50 plL at a 1: 200 dilution ratio and MRTO4, ALDOB, and Ki67
(Proteintech Group, Wuhan, China) primary antibodies were
added and samples were incubated overnight. The next day,
the sections were washed with PBS, and then incubated with
secondary antibodies (1: 2000) at 30°C for 30 min. All sections
were stained using peroxidase substrate 3, 3’-diaminobenzi-
dine, counterstained with hematoxylin, dehydrated, cleared,
and mounted. The staining was observed under a microscope
(Olympus, Tokyo, Japan).

TUNEL

The tumor tissues from naked mice were prepared as paraf-
fin sections and stained according to the TUNEL kit (C1090,
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Table 2. Gene primer sequences.

Genes Forward (5°-3°)

MRTO4 TGGCCAACATGAGGAACAGC
© ADOB  GCCAGGGAAAGCTGTTCAGA
© GAPDH  AGAAGGCTGGGGCTCATTTG

Zheng Y. et al:
MRTO4 enhances glycolysis
© Med Sci Monit, 2024; 30: €944685

Reverse (5°’-3’)

TTCATCAGATGGGCTCCGAC

CAGGGGTGCTAAGCAGTTGG

Beyotime Biotechnology, Shanghai, China) instructions. We add-
ed 100 pL TUNEL staining solution, followed by incubation in
the dark for 1 h, then added 50 pL DAPI stain, followed by fur-
ther incubation in the dark for 10 min. Samples were observed
and photographed under a microscope (Olympus, Tokyo, Japan).

Cell Viability

The cell viability of HepG2 and MHCC97H cells was measured
using the CCK8 assay. After digestion and counting, 1x10* cells
per well were seeded in a 96-well plate for each experimental
group. Six replicates were set for each concentration, and the
cells were cultured for 24, 48, and 72 h. After incubation for 3
h with 10 pL of CCK8 solution (Seyotin, China) added to each
well, the absorbance at 450 nm was measured using a multi-
functional microplate reader (Thermo Fisher Scientific, USA).

Cell Transfection and Grouping

The growth-favorable HepG2 and MHCC97H cells were seeded
in a 6-well plate (1x10° cells/well). Liposome (C0535, Beyotime,
China) transfection was used to transfect si-NC, si-MRTO4, OE-
NG, and OE-MRTO4 into HepG2 or MHCC97H cells, respectively,
referred to as the si-NC group, si-MRTO4 group, OE-NC group,
and OE-MRTO4 group. Liposome transfection was used to co-
transfect si-MRTO4 with si-NC and si-ALDOB into HepG2 or
MHCC97H cells, respectively, referred to as the si-MRTO4+si-
NC group and si-MRTO4+si-ALDOB group.

Clonogenic Assay

HepG2 and MHCC97H cells from each experimental group
were seeded in 6-well plates. After 15-18 days of culture, vis-
ible clones were observed. Subsequently, the clones were fixed
with paraformaldehyde and stained with crystal violet. Five ran-
domly selected fields were photographed (Nikon, Tokyo, Japan).

Transwell Assay

The upper Transwell chambers were coated with matrix gel.
Then, 200 pL of cell suspension was added to the upper cham-
bers, and 500 pL of culture medium containing 10% FBS was
added to the lower chambers. After incubation at 37°C for
24 h, the chambers were fixed and stained. Six randomly

selected fields were photographed and counted under an op-
tical microscope(Olympus, Tokyo, Japan).

Lactate Assay, Glucose Uptake Assay, and ATP Assay

Lactate, glucose uptake, and ATP levels were measured accord-
ing to the recommended methods. The lactate assay kit (C0017),
glucose uptake assay kit (50201M), and ATP assay kit (50026)
were purchased from Beyotime Biotechnology (Shanghai, China).

ECAR Assay

Cells from each experimental group were grown in test medi-
um containing 2 mmol/L glutamine at 37°C for 1.5 h and then
measured with a ECAR kit (BB-48311, Bestbio, Nanjing, China).

Western Blotting

HepG2 and MHCC97H cell suspensions from each experi-
mental group were added to RIPA lysis buffer, and the pro-
teins were separated by 10% SDS-PAGE. After transfer to
PVDF membrane, the membrane was blocked with 50 g/L
skim milk for 1 h. Then, primary antibodies including ALDOB
(1: 1000,18065-1-AP, Proteintech Group, Wuhan, China), MRTO4
(1: 1000, 201944-AP, Proteintech Group, Wuhan, China), Akt
(1: 1000, 80455-1-RR, Proteintech Group, Wuhan, China), p-Akt
(66444-1-1g, Proteintech Group, Wuhan, China), and GAPDH
(1: 5000, 60004-1-Ig, Proteintech Group, Wuhan, China) were
added and incubated at 4°C for 24 h. After membrane wash-
ing, secondary antibodies were added and incubated at room
temperature for 2 h. The membranes were then exposed to ECL
(Seyotin, China) and visualized in a dark room. Protein relative
expression was analyzed using Image J software.

RT-qPCR

Total RNA was extracted from liver cancer cells using the Trizol
method. The PrimeScript RT Reagent Kit (Seyotin, China) was
used for reverse transcription synthesis of cDNA. PCR was per-
formed using SYBR Green PCR Master Mix (Seyotin, China).
GAPDH was used as an internal reference to detect the ex-
pression changes of MRTO4 and ALDOB. The relative expres-
sion levels of MRTO4 and ALDOB were represented by the 2744
method. The primer sequences are shown in Table 2.
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Statistical Analysis

For our statistical evaluations, we employed box plots to deter-
mine the MRTO4 gene expression levels among HCC patients.
The median gene expression served as the demarcation point
for MRTO4 expression categorization. To ascertain the asso-
ciation between clinical parameters and MRTO4 expression
in HCC, we applied the Wilcoxon signed-rank test and logis-
tic analysis. Univariate Cox analysis was used to identify po-
tential prognostic markers, and multivariate Cox analysis val-
idated the effect of MRTO4 expression on survival, factoring
in other clinical indicators. We carried out all statistical com-
putations using R (version 3.5.3) and SPSS (version 24.0) soft-
ware. The experimental data are expressed as mean#standard
deviation (SD). The comparison between 2 groups is done us-
ing t tests for comparing means, while the comparison among
multiple groups is done using one-way analysis of variance.
P<0.05 it indicated that the differences between the 2 groups
were statistically significant.

Results

Baseline Characteristics of Patients

Data from a total of 374 HCC with the required clinical features
were acquired from the TCGA data portal. The detailed clini-
cal features are listed in Table 1. Among the 374 participants,
253 were male (67.6%), and 121 were female (32.4%). Among
them, 196 patients (52.6%) were younger than or equal to 60
years, and 177 patients (47.4%) were older than 60 years. In
terms of histologic grade, 55 patients were G1 (14.9%), 178
patients were G2 (48.2%), 124 patients were G3 (33.6%), and
14 patients were G4 (3.3%). In terms of pathologic T stage,
183 patients were T1 (49.3%), 95 patients were T2 (25.6%),
80 patients were T3 (21.5%), and 13 patients were T4 (3.5%).
In terms of pathologic N stage, 254 patients were NO (98.4%)
and 4 patients were N1 (1.6%). In terms of pathologic M stage,
268 patients were MO (98.5%) and 4 patients were M1 (1.5%).
In terms of pathologic stage, 173 patients were stage | (49.4%),
87 patients were stage Il (25.8%), 85 patients were stage IlI
(24.3%), and 5 patients were T4 (1.4%). In terms of tumor sta-
tus, 202 patients were tumor free (56.9%) and 153 patients
had tumors (43.1%). In those with residual tumors, 327 pa-
tients were RO (94.8%), 17 patients were R1 (4.9%), and 1 pa-
tient was R2 (0.3%). In terms of vascular invasion, 208 patients
were without vascular invasion (65.4%) and 110 patients had
vascular invasion (34.6%). In terms of Child-Pugh grade, 219
patients were Child-Pugh grade A (90.9%), 21 patients were
Child-Pugh grade B (8.7%), and 1 patient was Child-Pugh grade
C (0.4%). Meanwhile, 199 patients had non-multifocal lesion
(83.3%) and 40 had multifocal lesion (16.8%). In terms of tu-
mor necrosis, 71 patients had no necrosis (38.8%), 38 patients
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had focal necrosis (20.7%), 62 patients had moderate necro-
sis (33.8%), and 12 patients had no necrosis (6.5%). As to tu-
mor depth, 21 patients had superficial tumors (10.0%) and
188 had deep tumors (90.0%). Furthermore, 120 patients had
no metastases (67.1%) and 69 had metastases (33.0%); only
78 received radiation therapy (30.4%) and other 179 patients
did not (69.6%). In overall survival, 244 patients (65.2%) were
still alive and 130 (34.8%) had died (Table 1).

MRTO4 Is Highly Expressed in HCC

To explore the expression level of MRTO4 in normal and tumor
tissues, we downloaded and analyzed the expression levels
of MRTO4 mRNA in different tumors and normal tissues from
TCGA using the R package. The results showed that MRTO4
expression was significantly higher in tumor tissues such as
bladder urothelial carcinoma (BLCA), breast cancer (BRCA), cer-
vical squamous cell carcinoma and endocervical adenocarci-
noma (CESC), cholangiocarcinoma (CHOL), colon adenocar-
cinoma (COAD), esophageal carcinoma (ESCA), glioblastoma
multiforme (GBM), head and neck squamous cell carcinoma
(HNSCQ), kidney renal clear cell carcinoma (KIRC), kidney renal
papillary cell carcinoma (KIRP), liver hepatocellular carcinoma
(LIHC), lung adenocarcinoma (LUAD), lung squamous cell car-
cinoma (LUSC), prostate adenocarcinoma (PRAD), rectum ade-
nocarcinoma (READ), stomach adenocarcinoma (STAD), thyroid
carcinoma (THCA), and uterine corpus endometrial carcinoma
(UCEC) (Figure 1A). The expression level of MRTO4 in HCC tend-
ed to be higher than that in normal tissue (Figure 1B-1E). To
assess the correlation between MRTO4 expression and clinical
characteristics in HCC patients, we analyzed the mRNA expres-
sion levels of MRTO4 in different clinical categories in the TCGA
database. The results showed that high expression of MRTO4
was significantly related to pathologic T stage (P<0.05), histo-
logic grade (P<0.05), vascular invasion (P<0.05), BMI (P<0.05),
weight (P<0.05), tumor status (P< 0.05), AFP (P<0.05), over-
all survival (0S) event (P<0.05), and disease-specific survival
(DSS) event (P<0.05) (Figure 2A-2l). The association identified
between MRTO4 expression and clinical features in patients
with HCC is summarized in Table 1. These data suggest that
MRTO4 is upregulated in HCC.

High Expression of MRTO4 Is an Independent Prognostic
Factor for Overall Survival of HCC Patients

To identify whether MRTO4 expression affected patient surviv-
al, we classified HCC patients in the TCGA database into a high
MRTO4 expression group (the top 50% of samples with the
highest expression) and a low MRTO4 expression group (the
remaining 50% of the samples) to perform survival analysis ac-
cording to the mean expression value of MRTO4. Kaplan-Meier
survival analysis showed that high expression of MRTO4 was
related to the poor prognosis in overall survival (P<0.001),
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Figure 1. The expression level of MRTO4 in different human cancers. (A) Variances in MRTO4 expression in diverse cancer datasets
versus normal tissues from the TCGA database. (B) MRTO4 expression in normal versus unmatched HCC samples. (C) MRTO4

expression in normal versus matched HCC samples. (D, E) Expression level of DOCK7 in normal tissues and HCC tissues from
GSE121248 and GSE45267. * P<0.05, ** P<0.01, *** P<0.001.
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Figure 2. The expression level of MRTO of HCC patients with different clinical characteristics in TCGA. (A) pathologic T stage,

(B) histologic grade, (C) vascular invasion, (D) BMI, (E) weight, (F) tumor status, (G) AFP, (H) OS event, (I) DSS event. * P<0.05,
**P<0.01, *** P<0.001.

disease-specific survival (P<0.001), and progression-free in- (P=0.001), male (P<0.001), Female (P=0.037), age <60 years
terval (P<0.001) of HCC patients (Figure 3A-3C). Subgroup old (P<0.001), age »60 years old (P=0.002), AFP >400 ng/ml
analysis showed that high MRTO4 expression was signifi- (P=0.041), patients without vascular invasion (P=0.025), pa-
cantly correlated with poor prognosis in HCC in the follow- tients with vascular invasion (P=0.011), albumin <3.5 g/dl
ing cases: pathologic T1 stage (P=0.019), pathologic T2 stage (P=0.024), and prothrombin time >4 (P=0.001) (Figure 3D-3G,
(P<0.001), pathologic T3 stage (P=0.002), pathologic stage |  Table 3). Univariate and multivariate Cox regression analyses
(P=0.043), pathologic Stage Il (P<0.001), pathologic Stage IlI also showed that MRTO4 was independently associated with
(P<0.001), histologic G2 grade (P=0.032), histologic G3 grade  overall survival of HCC patients (Table 4). These data suggest
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that high expression of MRTO4 is an independent prognostic the diagnostic value of the gene. The area under the ROC

factor for the overall survival (OS) of HCC patients. curve (AUC) was 0.914, suggesting a higher diagnostic value,
as shown in Figure 4A. The time-dependent AUC curve shows
Diagnostic Value of MRTO4 Expression in HCC that the predicted AUC values of patients in the next 5 years

were all above 0.6. A time-dependent survival ROC curve of
To analyze the diagnostic value of MRTO4 expression in HCC, we MRTO4 was created to predict the 1-, 3-, and 5-year survival
performed ROC curve and nomogram analyses on the MRTO4 rates. All these AUC values were above 0.6, which is consid-
gene expression data from the TCGA database to evaluate ered suitable for prediction (Figure 4B). The time-dependent
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Figure 3. Kaplan-Meier survival curve analysis of the prognostic significance of MRTO4 with different expression in HCC. (A) Kaplan-
Meier estimates of the overall survival probability of TCGA patients in HCC patients. (B) Kaplan-Meier estimates of the
disease-specific survival. (C) Kaplan-Meier estimates of the progression-free interval. (D-T) Subgroup analysis for pathologic
T1 stage (D), pathologic T2 stage (E), pathologic T3 stage (F), pathologic Stage | (G), pathologic Stage Il (H), pathologic
Stage I (1), histologic G2 grade (J), histologic G3 grade (K), male (L), Female (M), age <60 years old (N), age >60 years old
(0), AFP >400 ng/ml (P), patients without vascular invasion (Q), patients with vascular invasion (R), Albumin <3.5 g/dl (S),
prothrombin time >4 (T). * P<0.05, ** P<0.01, *** P<0.001.

Table 3. Logistic analysis of the association between MRTO4 expression and clinical characteristics.

Univariate analysis Multivariate analysis

P value P value
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Table 3 continued. Logistic analysis of the association between MRTO4 expression and clinical characteristics.

Multivariate analysis

Univariate analysis

Characteristics
Histologic grade 368
"""" Gt 55 Reference
"""" @ 158 11620686199 o576
"""" G 123 118506832050  os45
"""" @ 12 1es1(61454) 0307
CARPgm) w9
"""" <0 215 Refeence
"""" -0 e 107506581759 o772
Abumin@/d) 20
"""" 3s 6 Reference
"""" >5 230 0897 (05491464 o062
Prothrombin time 2
"""" @ 207 Reference
>4 89 1.335 (0.881-2.023) 0.174
Chid-Pughgrade 20
”””” A28 Refeence
”””” B&C 22 1es3(0811333) o8
vascularimvasion AN 09000 B e
”””” N 208 Refeence
”””” Ys 19 134 (ss720%) o
Adjacenthepatic tissue
inflammation 236
None 118 Reference
Mild & severe 118 1.194 (0.734-1.942) 0.475
MRTO4 373
Low 187 Reference Reference
High 186 2.258 (1.582-3.223) <0.001* 1.974 (1.355-2.877) <0.001*

Bold values indicate * P<0.05. OR — odds ratio; Cl — confidence interval

AUC curve showed that the predicted AUC values of patients
in the next 5 years were all above 0.6 (Figure 4C). Then, we
combined the expression level of MRTO4 with the clinical vari-
ables to construct a nomogram to predict the survival proba-
bility of patients at 1, 3, and 5 years. The nomogram indicat-
ed that the prognostic prediction of the expression level of
MRTO4 was better than that of the traditional clinical features

of pathologic T stage, tumor status, sex, age, BMI, residual tu-
mor, histologic grade, AFP, albumin, prothrombin time, Child-
Pugh grade, vascular invasion, and adjacent hepatic tissue in-
flammation (Figure 4E, Table 4). Calibration curves were plotted
to compare the predicted probabilities of survival from the no-
mogram against the observed outcomes. The goodness-of-fit
was assessed using the Hosmer-Lemeshow test in R, ensuring
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the model’s reliability in clinical predictions. The result of the
calibration curve demonstrated that the predictive probabili-
ty of 1-, 3-, and 5-year survival was close to the actual 1-year
survival in clinical practice (Figure 4D).

Knockdown of MRTO4 Inhibited Proliferation and Invasion
of HCC Cells

Next, we investigated the impact of MRTO4 on the function of
HCC cells lines. First, we transfected si-NC, si-MRTO4, OE-NC,
and OE-MRTO4 into HepG2 and MHCC97H cells and assessed
transfection efficiency by RT-gPCR and protein analysis. The
results in Figure 5A, 5B show that si-MRTO4 significantly de-
creased the expression of MRTO4 in HepG2 and MHCC97H

DATABASE ANALYSIS

cells (P<0.05), while OE-MRTO4 significantly enhanced the
expression of MRTO4 in HepG2 and MHCC97H cells (P<0.01).
Subsequently, we investigated the impact of MRTO4 on the
function of HCC cells. Our experimental results demonstrated
that si-MRTO4 weakened the viability of HepG2 and MHCC97H
cells (P<0.05) and promoted apoptosis in these cells (P<0.05).
Conversely, OE-MRTO4 reversed this trend, enhancing the vi-
ability of HepG2 and MHCC97H cells and suppressing apop-
tosis (Figure 5C, 5D). Furthermore, si-MRTO4 significantly in-
hibited aggregation (P<0.05) and invasion (P<0.05) of HepG2
and MHCC97H cells. Consistently, this trend was reversed in
the OE-MRTO4 group, as OE-MRTO4 obviously increased ag-
gregation (P<0.01) and invasion (P<0.01) capabilities in HepG2
and MHCC97H cells (Figure 5E, 5F). These results indicated
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Figure 4. Diagnostic value of MRTO4 expression in hepatocellular carcinoma. (A) Receiver operating characteristic (ROC) curve analysis
for MRTO4 expression in HCC and adjacent tissue. (B) Time-dependent survival ROC analysis for MRTO4 expression in HCC
and adjacent tissue to predict 1-, 3-, and 5-year survival rates. (C) Time-dependent AUC curve analysis for MRTO4 expression
in HCC and adjacent tissue. (D) Calibration plots of the nomogram for predicting the probability of OS at 1, 3, and 5 years.
(E) Nomogram survival prediction chart for predicting the 1-, 3-, and 5-year overall survival rates.

that knockdown of MRTO4 inhibits the proliferation and in-
vasion of HCC cells.

Knockdown of MRTO4 Negatively Regulated ALDOB to
Inhibit Glycolysis

To understand the biological function of MRTO4 in HCC, we used
the LinkFinder module of the LinkedOmics website to detect
the co-expression pattern of MRTO4 in HCC in the TCGA data-
base. The red dot indicates the top 20 genes that were posi-
tively correlated with MRTO4, and the blue dot represents the
bottom 15 genes that were negatively correlated with MRTO4
(Figure 6A). Interestingly, ALDOB, a key enzyme in energy me-
tabolism (the glycolytic process), is found in these negatively
regulated genes. Previous studies have confirmed that down-
regulation of ALDOB promotes the invasiveness and metastatic
potential of HCC [27,28]. We used DAVID Functional Annotation
Bioinformatics Microarray Analysis to identify the enriched GO
functional enrichment and KEGG pathways among the MRTO4

-related 600 genes (top 300 correlation value) and found that
pentose phosphate pathway, fructose and mannose metabo-
lism, and cysteine and methionine metabolism were enriched
among these genes (Figure 6B, Table 5). These pathways are
closely related to energy metabolism and glycolysis, revealing
the important role of MRTO4 in mediating metabolism and
glycolysis. Given the important role of ALDOB in the glycoly-
sis process [29], we next investigated whether MRTO4 could
mediate the expression of ALDOB in HCC. Our results clearly
indicated that si-MRTO4 upregulates the expression of ALDOB
in HepG2 and MHCC97H (P<0.05), while OE-MRTO4 inhibits
the expression of ALDOB in HepG2 and MHCC97H (P<0.05)
(Figure 6C-6E). Subsequently, we further studied the impact
of MRTO4 on glycolysis. We evaluated the extracellular acidi-
fication rate (ECAR) of HepG2 and MHCC97H using a Seahorse
extracellular flux analyzer, as ECAR indirectly reflects the gly-
colytic capacity of cells. The results showed that si-MRTO4 in-
hibited the ECAR of HepG2 and MHCC97H, while OE-MRTO4
increased the ECAR levels of HepG2 and MHCC97H (Figure 6F).

Indexed in:  [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]
[Chemical Abstracts/CAS]

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

€944685-14




Zheng Y. et al:
MRTO4 enhances glycolysis
© Med Sci Monit, 2024; 30: €944685

DATABASE ANALYSIS

Table 4. Univariate and multivariate Cox regression analyses of clinical characteristics associated with overall survival.

Characteristics Total (N) OR (95% Cl) P value
Pathologic T stage (T2 & T3 & T4 vs T1) 371 2.485 (1.637-3.773) <0.001*
pathologic Nstage N1vsNO) 28 0969 (01346986 0975
pathologic M stage M1vsMO) m 0300 (00312923 0300
 pathologic stage (Stage Ill & Stage IV vs Stage | & Stage I) 350 1571 (09672552 0068
Tumor status (with tumor vs tumor fre) 385 155 (10192374)  0040%
Gender (Malevs Female) 374 1076 (0698-1660) 0740
AgeGeOVSSSO) 73 0889 (05921335 0570
 Race (Black or African American & White vs Asian) %2 0591 (0389-0898)  0.014*
E:;;)tlzcg:(iiatlygﬁzc(:rlzirroli)arrr?ael(lri:lri;:(;;csrl?eap?tocellular carcinoma) 374 109 (EAEFBETE) 1.000
BMI (>25 vs <25) 337 0.568 (0.368-0.874) 0.010*
Residualtumor R1 &R2vsRO) 345 1305 (05023389 0585
Histologic grade (G3& GAvs G1&G2) 360 2702 (17424193  <0.001%
ARP(g/m) (400vs<s00) 280 2084 (11613597) 0013
Abumin@g/d) G35vs <38 30 1022 (0595-1754) 0938
brothrombin time G4vs <) 2w 0674 (0407-1116) 0125
ChildPugh grade B & CvsA) 241 1212 (05042914 0667
Vascular invasion (YesvsNo) 318 1860 (11652970)  0.009%
 Adjacent hepatic tissue inflammation (Mild & Severe vs None) 237 143 (08582403 0168
Weight G7Ovs<70) 6 0427 (0277.0657) <0001
Height G170vs <170) s 0748 (04851153 0189

Bold values indicate * P<0.05. HR — hazard ratio; Cl — confidence interval.

Specifically, glucose consumption, lactate production, and ATP
are important indicators of the glycolysis process [30]. In addi-
tion, we found that si-MRTO4 reduced the glucose consump-
tion (P<0.05), lactate production rate (P<0.05), and ATP levels
(P<0.05) in HepG2 and MHCC97H cells, while OE-MRTO4 re-
versed the effects of si-MRTO4, promoting glucose consump-
tion (P<0.05), increasing lactate levels (P<0.05) and ATP lev-
els (P<0.05) in HepG2 and MHCC97H cells (Figure 6G-6l). In
all, these results demonstrated that knockdown of MRTO4 in-
hibits glycolysis in liver cancer cells by upregulating ALDOB.

Knockdown of ALDOB Activated Akt and Reversed the Low
Expression of MRTO4 on HCC Cell Function

Due to the negative regulation of MRTO4 on ALDOB, ALDOB
is a key enzyme in glycolysis. Therefore, we began to inves-
tigate whether MRTO4 exerts its function in HCC through

the regulation of ALDOB. We established stable HepG2 and
MHCC97H cell lines co-transfected with si-MRTO4 and si-
ALDOB. The results showed that si-ALDOB clearly inhibited
the expression of ALDOB in HepG2 and MHCC97H (P<0.05)
(Figure 7A). In addition, knocking down ALDOB almost com-
pletely rescued the inhibition of lactate production (P<0.01)
and ATP release (P<0.05) in HepG2 and MHCC97H cells with
si-MRTO4 (Figure 7B, 7C). At the same time, compared with
the si-MRTO4 group, knocking down ALDOB obviously restored
the vitality of HepG2 and MHCC97H cells (Figure 7D) and re-
versed the colony formation (P<0.01) and cell invasion ability
(P<0.001) of HepG2 and MHCC97H cells (Figure 7E, 7F). The
promoting effect of activated Akt in glycolysis has been exten-
sively studied [31,32]. Recent research has shown that the loss
of ALDOB activates Akt and promotes the occurrence of HCC
[33]. We speculated that MRTO4 activates Akt in HCC by in-
ducing the loss of ALDOB. As expected, the protein imprinting
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results showed that, compared with the si-MRTO4 group, the
ratio of p-Akt/Akt in HepG2 and MHCC97H cells in the si-AL-
DOB group was significantly increased (P<0.001) (Figure 7G).
Overall, these results revealed that knocking down ALDOB
activates Akt and reverses the low expression of MRTO4 on

HCC cell function.

Knockdown of MRTO4 Suppressed HCC Progression In Vivo

Zheng Y. et al:
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© Med Sci Monit, 2024; 30: €944685

First, we measured the transplanted tumors and consistent-
ly discovered si-MRTO4 significantly inhibited tumor growth
(P<0.05) (Figure 8A, 8B). Furthermore, TUNEL staining showed
that si-MRTO4 significantly promoted apoptosis of HCC cells
(P<0.001) (Figure 8C, 8D). More Importantly, we found that
si-MRTO4 significantly inhibited ki67 expression and promot-
ed ALDOB positive expression (P<0.05) (Figure 8E, 8F). In con-
clusion, these results indicated that knockdown of MRTO4
suppresses HCC progression by upregulating ALDOB in vivo

We further clarified the effect of MRTO4 on HCC by transplant-

(Figure 8G).

ing MHCC97H cells transfected with si-MRTO4 into nude mice.
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Figure 5. Knockdown of MRTO4 inhibited proliferation and invasion of HCC cells. (A) RT-qPCR analysis of MRTO4 expression.
(B) Protein blotting analysis of MRTO4 expression. (C) CCK 8 assessed the viability of HepG2 and MHCC97H. (D) Apoptosis
was measured by flow cytometry. (E) Cloning experiments assessing cell integration ability. (F) Transwell assay was used for
cell invasion ability. All results are presented as mean+SD (n=3).* P<0.05, ** P<0.01, *** P<0.001.

Discussion

MRTO4 is involved in various oncogenic processes, such as
tumor cell proliferation, metastatic progression, tumor im-
mune evasion, and modulation of the tumor microenviron-
ment [19,34]. MRTO4 is upregulated in IGC tissues and exerts
pro-proliferative and oncogenic functions [35]. MRTO4 is an
important ribosome biogenesis protein, which regulate the
sensitivity of tumors to HDACis inhibitors in solid tumors [36].
We downloaded and analyzed the expression levels of MRTO4
mRNA in different tumors and normal tissues from the TCGA
using the R package. Our findings elucidate the significant
role of MRTO4 in the pathogenesis of various cancers, partic-
ularly HCC. Across multiple tumor types, MRTO4 overexpres-
sion was consistently observed, with HCC demonstrating one
of the most pronounced elevations. Delving deeper into HCC-
specific findings, an upregulated MRTO4 was demonstrably
associated with numerous clinical indices. Our data firmly es-
tablish that augmented MRTO4 levels had strong associations
with parameters like advanced pathologic T stage, indicative
of a more aggressive tumor phenotype. Similarly, an elevated

histologic grade, a marker of tumor differentiation and inva-
siveness, was also correlated with increased MRTO4 expres-
sion. Notably, systemic factors such as a high body mass in-
dex (BMI) and high body weight were also linked to elevated
MRTO4 levels, suggesting broader physiological implications.
High MRTO4 expression was also associated with overall and
disease-specific survival events, implying its prognostic poten-
tial. The consistent patterns identified across diverse datasets
bolster the hypothesis that MRTO4 is a potentially valuable
biomarker in diagnosis and prognosis of HCC. Importantly, this
hypothesis has been adequately validated in our in vitro and in
vivo experiments. We found that knockdown of MRTO4 signif-
icantly suppressed liver cancer cell proliferation, invasion, and
tumor growth, whereas overexpression of MRTO4 reversed this
trend. Given the profound clinical implications of these obser-
vations, it becomes paramount to further explore the precise
mechanistic role of MRTO4 in tumor biology.

It is known that energy metabolism reprogramming is a hall-
mark of cancer. Even under sufficient oxygen conditions, tumor
cells’ metabolism can reprogram from oxidative phosphorylation
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(OXPHOS) to aerobic glycolysis, which is known as the “Warburg
effect” [37]. Studies have shown that tumor cells primarily ob-
tain energy through aerobic glycolysis, meeting the require-
ments for proliferation and survival in adverse environments,
ultimately leading to cancer progression [38]. Interestingly,
in our study, we identified genes closely related to MRTO4
expression by using co-expression patterns obtained from
the TCGA database. The 15 genes negatively associated with
MRTO 4 were BTNL 9, TFR 2, TAT, SLC10A1, ALDOB, F9, FBP
1, CD300LG, SLC27A2, G6PC, CFHR 4, RBP 4, CLEC3B, APOC3,
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and HPX. Among them, ALDOB, TAT, SLC10A1, FBP 1, G6PC,
and RBP 4 have been reported to be closely related with gly-
colysis. We found that these genes were notably involved in
vital metabolic pathways, such as pentose phosphate path-
way, fructose and mannose metabolism, and cysteine and
methionine metabolism. These pathways are intimately re-
lated to glycolysis [39,40]. Aerobic glycolysis was first report-
ed in hepatocellular carcinoma (HCC) in the 1920s, and it en-
hances the role of aerobic glycolysis in HCC. The proliferation,
growth, and immune evasion of HCC are influenced by aerobic

A

MRTO4
og, (TMP+1)
ST -

Ko | M
TARDBP
1BTB17
2CCHOT7
GPATCH3
SF3A3
GPN2
RNF220
UBE2)2
RRP9
ADPRS
SLCG6AT
MIIP
REX04

DNAJCS ||
METTLT
DPHZ

1

il
i

i

JJIIl’

i W \u
'h

1] {
I \ ‘| !
’f{ H‘I | | |

SR al| \“HPI \M| i

l |}\|
APOG | ‘H /H H
aess | || 1] | |)|

RBP4 ‘
CFHR4 | | | [ \

.,\'h

SLC27A2 | [ |
OE-MRTO

o300t || |||
FBP1 ||
F9
ALDOB
SLCT0AT | L
TAT |

TFR2 |
BTNLY

I

MHCC97H
si-MRT04

OE-NC

ALDOB

200pm

DAPI

Merge

200pm

200pm

How
M High

Fructose metabolic process 4o

BP

i

| |l|‘
il

H‘ | IIH

Fructose 1,6-bisphosphate metholic process -

Lipid transporter activity -

MF

Counts
° 20
O 25

Glycolusis/gluconeogenesis -

(ysteine and methionine metabolsim -

KEGG

Fructose and mannose metabolism

Pentose phosphate pathway 4

I-score
;25

— T
006 008 0.1 012
Gene ratio

| ||| }IIII

0.0
25

MHCC97H HepG2

*%

i

257 257

}n| .
!

ij
|

I|| M'

ﬂll I
I\I

W WI

(U1

2.0

*%

o

Relative ALDOB expression
Relative ALDOB expression

&
_I_I_I_I_

Y (I
s\%@b@ %Q\\Q

&

HepG2
si-MRT04 QE-NC

4 OE-MRT04

200Pum

200um
200um

- Sooum" |- 200um

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

€944685-18

Indexed in:  [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]
[Chemical Abstracts/CAS]



Zheng Y. et al:
MRTO4 enhances glycolysis
© Med Sci Monit, 2024; 30: €944685

DATABASE ANALYSIS

E
50 = MHCC97H 40 = HepGZ ) MHCCO7H 1.0 7 MHCC97H 1.5m= HepGZ
M ALDOR (SN S W =] - e s
40 - _ GAF’DH |- —— - —, %08" % *x%
= 2304 S-NC + - - - s s
Z 2 L 3 81,04 I
£30 £ N - -+ - Eged =
£30 £ X OEMROS - - - 206 z
g I g 20 I HepG2 g s
S & S I ALDOB =2 I_ *% =0.54 v
= =104 O e R I B
104 P G ——T P = &
SMRIOE -+ - - = C
OENC - - + - 0 0 e
0O——T— T T 0t——7—T7— OEMRT4 - - - + 00 "—T—T— T 0 — T T 1
(RGN ¢ & X ¢ &L ¢ &
FESE S S S E S
F MHCCO7H HepG2 G S-NC - —o— sI-MRTO4 OE-NC
Glucose ~ Oligomycin ~ 2-DG Glucose  Oligomycin ~ 2-DG 404 * —— OE-MRT04
601 : : : 60 : : : o
si-NC
» > si-MRTO4 304 *
— — ; : = —
E 40 - E 40 OE-NC £ % - -
£ £ i\ =-oEMRTOS = = %
E : = £ = a
=0l = : M@ »
= : = : © 10
0 f 1 t 1 0 f t t 1
0 40 80 120 160 40 80 120 160 0 T T
Time (min) Time (min) MHCC97H HepG2
H I
MHCC97H HepG2 MHCC97H HepG2
2001 150 1 * 200 = 150
g *
= 150 = =2 * 150 - *%
5 5 1004 &= RO = = 1004 <= o-o0
g * E = - El
g 100 o= oo 2 2100 o - 2
m o e e
= E 50 = Z 5 ]
S 50- i 3 50 3
0 T T T T 0 T T T 0 T T T T 0 T T T T
¢ & ¢ ¢ ¢ & ¢ &
SO SRS SISO, SISO,
& & B & & & & &

Figure 6. Knockdown of MRTO4 negatively regulated ALDOB to inhibit glycolysis. (A) Heatmap showing the top 35 genes in liver
cancer that were positively and negatively related to MRTOA4. Red represents positively related genes and blue represents
negatively related genes. (B) Gene Ontology (GO) terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
analyses of MRTO4-related genes in HCC. (C) RT-gPCR assayed the expression of ALDOB. (D) Immunofluorescence analyzed
the expression levels of ALDOB in the cells. (E) Protein imprint measured ALDOB expression in HCC cells. (F) Seahorse
extracellular flux analyzer assessed the ECAR of HepG2 and MHCC97H. (G) ELISA assessed the cells for glucose consumption.
(H) ELISA assessed the cellular lactate production capacity. (I) ELISA assessed the level of ATP released from the cells. All
results are presented as mean+SD (n=3).* P<0.05, ** P<0.01, *** P<0.001.
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Table 5. Gene sets enriched in the high MRTO4 expression phenotype by GO & KEGG analysis.
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Ontology ID Description GeneRatio BgRatio P value P.adjust
BP GO: 0030388 | ructose L6-bisphosphate metabolic 2/33 10/18800  0.0001* 0.0916
process
BP GO: 0006000 Fructose metabolic process 2/33 13/18800 0.0002* 0.0916
MF GO: 0005319 Lipid transporter activity 4/34 159/18410 0.0002* 0.0298*
KEGG hsa00030 Pentose phosphate pathway 2/15 30/8164 0.0013* 0.0274*
KEGG hsa00051 Fructose and mannose metabolism 2/15 33/8164 0.0016* 0.0274*
KEGG hsa00270 Cysteine and methionine metabolism 2/15 51/8164 0.0038* 0.0432*
KEGG hsa00010 Glycolysis/gluconeogenesis 2/15 67/8164 0.0065* 0.0550
KEGG hsa03320 PPAR signaling pathway 2/15 75/8164 0.0081* 0.0550
Bold values indicate * P<0.05. BP — biological process; CC — cellular component; MF — molecular function.
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Figure 7. Knockdown of ALDOB activated Akt and reverses the low expression of MRTO4 on HCC cell function. (A) Protein blot
analysis of ALDOB expression in HCC cells. (B) ELISA evaluation of cell lactate production capacity. (C) ELISA evaluation of
cell ATP release levels. (D) CCK8 evaluation of HepG2 and MHCC97H vitality. (E) Clone formation experiment evaluating cell
integration ability. (F) Transwell assay was used to assay HCC cell invasion ability. (G) Protein imprint analysis of p-Akt and
Akt expression in HCC cells. All results are presented as mean+SD (n=3).* P<0.05, ** P<0.01, *** P<0.001.

glycolysis [41,42]. There are 3 rate-limiting enzymes involved
in aerobic glycolysis — hexokinase (HK), phosphofructokinase
(PFK), and pyruvate kinase (PK). The expression of these en-
zymes can greatly impact the progression of HCC [5]. In this
study, we investigated the possible regulatory effect of MRTO4
on glycolysis, considering the importance of Warburg effects
as a marker of tumor metabolism in tumorigenesis and pro-
gression. We knocked down MRTO4 expression in hepatoma
cells and found that low expression of MRTO4 significant-
ly inhibited glycolysis in HCC cells, manifested by decreased
ECAR, glucose consumption, lactate production and ATP lev-
els, while the overexpressed MRTO4 largely reversed this the
trend. These results reveal MRTO4 influences the progression
of HCC by modulating glycolysis.

Moreover, the aberrant expression and regulation of related
enzymes in the glycolytic pathway plays a crucial role in the
development and recurrence of HCC [43]. For example, glucose
transporter type 1 (GLUT1) expression was significantly upreg-
ulated in HCC tissues and was positively correlated with tu-
mor size [44]. ZEB1 can stimulate glycolysis in hepatoma cells
by upregulating PFKM (the rate-limiting enzyme in glycolysis),
and then promotes the proliferation and metastasis of HCC

[26]. ALDOB is an important member of the aldolase family
that plays an important role in glycolysis. Loss of ALDOB has
been reported to promote HCC through the release of inhibi-
tion of glucose-6-phosphate dehydrogenase (G6PD) [28], and
to induce chemoresistance by remodeling glucose metabolism
in glucose-PDAC [45]. In this study, we revealed that MRTO4
promotes glycolysis in HCC cells by downregulating ALDOB ex-
pression, and subsequently induces the proliferative and in-
vasive phenotype of HCC cells.

Aberrant activation of Akt signaling promotes multiple can-
cer progression by regulating cell proliferation, metabolism,
and survival, including HCC [46], and activated Akt enhanc-
es the expression and activity of several glycolytic enzymes
such as glucose transporters, hexokinase, and phosphofruc-
tokinase, thus upregulating glucose uptake and glycolytic pro-
cess [47,48]. Loss of ALDOB has been reported to activate Akt
and promote hepatocellular carcinogenesis by destabilizing
the ALDOB/Akt/PP2A protein complex [33]. We investigated
whether MRTO4 affects Akt activation by modulating ALDOB.
Consistently, here, we found that MRTO4 induces glycolysis in
HCC cells by activating the Akt pathway through downregula-
tion of ALDOB. We did not determine whether MRTO4 directly
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Figure 8. Knockdown of MRTO4 suppressed HCC progression in vivo. (A) Tumor photograph. (B) The tumor was weighed. (C, D) TUNEL
analysis of the number of positive cells in HCC tissue. (E, F) Immunohistochemical evaluation of Ki67 and ALDOB expression
in HCC tissue. (G) Mechanism diagram.* P<0.05, ** P<0.01, *** P<0.001.
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promotes Akt activation, and we did not assess specific mo-
lecular interactions between MRTO4, ALDOB, and Akt, which
will be the focus of our subsequent work to improve the role
of MRTO 4 in HCC progression by regulating glycolysis and re-
lated mechanisms.

Conclusions

Our study found that MRTO4 is an independent prognostic
factor for overall survival in HCC. MRTO4 is highly expressed
in HCC tissue samples and is closely associated with glycolytic
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ate HCC progression by activating the Akt pathway through
ALDOB downregulation. These results suggest that MRTO4 is
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