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INTRODUCTION 
 

Among the leading causes of death, cancer remains the 

major disease in humans. Air pollution and chronic 

hepatitis-mediated chronic inflammation have resulted 

in lung adenocarcinoma (LUAD) and hepatocellular 

carcinoma (HCC), a common subtype of liver cancer, 

becoming the most prevalent cancer classifications in 
the world, ranking first and sixth, respectively [1]. The 

reasons that cancer cells are so deadly include a lack of 

appropriate diagnostic markers, recurrence/relapse 

events, drug resistance, and treatment difficulty after 

cancer cells have metastasized [2]. Various regimens 

have been formulated to combat cancer, such as 

chemotherapy, radiotherapy, and immunotherapy. 

However, the heterogeneity of individual patients leads 

to limited efficacy of many cancer drugs [3]. Therefore, 

personalized precision medicine needs continuous 

improvement. 

 
According to previous views, potential causes of 

heterogeneity are based on somatic mutations, epigenetic 

alterations, and cell metabolism [4]. Cellular metabolism 

includes the biosynthesis of carbohydrates, lipids, 
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ABSTRACT 
 

Metabolic reprogramming and elevated glycolysis levels are associated with tumor progression. However, 
despite cancer cells selectively inhibiting or expressing certain metabolic enzymes, it is unclear whether 
differences in gene profiles influence patient outcomes. Therefore, identifying the differences in enzyme action 
may facilitate discovery of gene ontology variations to characterize tumors. Fructose-1,6-bisphosphate (F-1,6-
BP) is an important intermediate in glucose metabolism, particularly in cancer. Gluconeogenesis and glycolysis 
require fructose-1,6-bisphosphonates 1 (FBP1) and fructose-bisphosphate aldolase A (ALDOA), which 
participate in F-1,6-BP conversion. Increased expression of ALDOA and decreased expression of FBP1 are 
associated with the progression of various forms of cancer in humans. However, the exact molecular 
mechanism by which ALDOA and FBP1 are involved in the switching of F-1,6-BP is not yet known. As a result of 
their pancancer pattern, the relationship between ALDOA and FBP1 in patient prognosis is reversed, 
particularly in lung adenocarcinoma (LUAD) and liver hepatocellular carcinoma (LIHC). Using The Cancer 
Genome Atlas (TCGA), we observed that FBP1 expression was low in patients with LUAD and LIHC tumors, 
which was distinct from ALDOA. A similar trend was observed in the analysis of Cancer Cell Line Encyclopedia 
(CCLE) datasets. By dissecting downstream networks and possible upstream regulators, using ALDOA and FBP1 
as the core, we identified common signatures and interaction events regulated by ALDOA and FBP1. Notably, 
the identified effectors dominated by ALDOA or FBP1 were distributed in opposite patterns and can be 
considered independent prognostic indicators for patients with LUAD and LIHC. Therefore, uncovering the 
effectors between ALDOA and FBP1 will lead to novel therapeutic strategies for cancer patients. 
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proteins, and nucleic acids. Once metabolic 

reprogramming occurs, it is related to the occurrence of 

many diseases, such as aberrant glycolysis, leading to 

diabetes and various phenotypes of cancer. There are 

many enzymes involved in the metabolism of glucose, 

among which fructose-bisphosphate aldolase A 

(ALDOA), a glycolytic and gluconeogenic enzyme 

involved in glucose metabolism, is an important enzyme 

that converts fructose-1,6 BP into glyceraldehyde 3-

phosphate (G3P) and dihydroxyacetone phosphate 

(DHAP) intermediate products. We and other researchers 

have found that ALDOA expression is related to the poor 

prognosis of many cancers, including lung, liver, 

pancreatic, colorectal, stomach, bladder, renal, and bone 

sarcomas [5–12]. Manipulation of ALDOA regulates 

tumor growth and motility [11–15]. Expression of 

ALDOA is also related to environmental factors, such as 

oxygen pressure [9, 16]. Recently, ALDOA was found to 

have nonenzymatic roles in cancer metastasis, drug 

resistance, and cancer stemness activity by interacting 

with different proteins [8, 17–19]. These findings have 

led to ALDOA being identified as an important 

therapeutic target. In addition to being catalyzed by 

ALDOA, fructose-1,6-BP is also subjected to the rate-

limiting enzyme in gluconeogenesis and converted to 

fructose 6-phosphate by FBP1. In many cancers, loss of 

FBP1 is related to poor patient prognosis [20–26]. 

Downregulating FBP1 expression can promote tumor cell 

epithelial-mesenchymal transition, proliferation, and 

resistance to therapeutic efficacy [21, 27–29]. 

Interestingly, according to current findings, even if 

ALDOA regulates fructose-1,6 BP levels during 

glycolysis, activity of its upstream enzyme FBP1 was not 

consistent. In addition, the function of FBP1 is 

controversial. In breast cancer, studies have indicated that 

FBP1 is suppressed by Snail in basal-like breast cancer 

[30, 31] but contributes to triple-negative breast cancer 

progression [32]. However, as the upstream and 

downstream relationship enzymes of fructose-1, 6 BP, the 

complete relationship between ALDOA and FBP1 and 

whether FBP1 and ALDOA have related molecules with 

a common influence need to be investigated in detail. 

 

This study explored the relationship between FBP1 and 

ALDOA across cancers and identified a significant 

correlation between LIHC and LUAD. Based on 

analyzing the prognosis of TCGA patients, we found that 

FBP1 and ALDOA are related to survival prognosis and 

that the expression of FBP1 in patients with high 

ALDOA is lower, exhibiting a significantly increased 

correlation. This relationship can be applied to LUAD 

and LIHC clinical populations, and consistent results 

were observed in cancer cell patterns. In addition, a 
molecular simulation signature-related analysis showed 

that the selected molecules are involved in glycolysis and 

gluconeogenesis and contribute to cell growth, motility, 

and DNA repair signatures and can be regulated by 

similar upstream regulators. These results all demonstrate 

that in LUAD and LIHC, the relationship between FBP1 

and ALDOA affects cancer progression by regulating the 

same molecules. Thus, in addition to being diagnostic 

markers, these molecules may also regulate FBP1 and 

ALDOA during cancer progression. 

 

RESULTS 
 

Clinical prognosis correlation of ALDOA and FBP1 

across cancers 

 

To investigate the relationship between FBP1 and 

ALDOA among cancers (Figure 1A), we screened for 

prognostic value and candidate gene expression across 

cancers. The related cohort is displayed in Supplementary 

Figure 1. According to the p value and hazard ratio of 

gene expression in patient overall survival, the results 

showed that ALDOA is correlated with poor cancer 

prognosis, including pancreatic ductal adenocarcinoma 

(p=0.033, HR=1.57), LUAD (p=0.000016, HR=1.91), 

LIHC (p=0.000076, HR=1.99), head-neck squamous cell 

carcinoma (p=0.0034, HR=1.52), cervical squamous cell 

carcinoma (p=0.027, HR=0.68), and breast cancer 

(p=0.031, HR=1.42) (Figure 1B). In contrast, expression 

of FBP1 was correlated with better prognosis in uterine 

corpus endometrial carcinoma (p=0.00052, HR=0.48), 

stomach adenocarcinoma (p=0.049, HR=0.72), sarcoma 

(p=0.00075, HR=0.41), lung squamous cell carcinoma 

(p=0.023, HR=1.37), LUAD (p=0.000011, HR=0.52), 

LIHC (p=0.00018, HR=0.51), kidney renal papillary  

cell carcinoma (p=0.0044, HR=0.43), kidney renal clear 

cell carcinoma (p=0.00000053, HR=0.45), cervical 

squamous cell carcinoma (p=0.014, HR=0.5), breast 

cancer (p=0.049, HR=0.73), and bladder carcinoma 

(p=0.000019, HR=0.53) (Figure 1C). Between them, 

FBP1 and ALDOA display significant and opposite 

trends in LUAD and LIHC. In LUAD and LIHC, high 

ALDOA expression was greatly correlated with poor 

patient prognosis (Figure 1D), which was extremely 

different from the low expression of FBP1 (Figure 1E). 

The related isoforms of the aldolase family and FBP were 

also evaluated, and there was no significant correlation 

between ALDOB/C and FBP2 (Figure 1D, 1E). The 

combination of ALDOA and FBP1 demonstrated that 

patients with high ALDOA and low FBP1 had poor 

prognosis in LUAD and LIHC (Figure 1F). 

 

To verify that this correlation is specific to 

adenocarcinoma, comprehensive assays were conducted. 

Interestingly, this opposite trend between ALDOA and 

FBP1 was also observed in other types of prognosis, such 
as lung cancer's first progression and post-progression 

survival (Supplementary Figure 2). Similarly, low FBP1 

expression was also related to improved prognosis of 
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Figure 1. Significantly opposite trends of ALDOA and FBP1 in LUAD and LIHC. (A) The scheme illustrates the relationship between 

ALDOA and FBP1 in glycolysis. (B) Meta-analysis of the prognostic value of ALDOA from the Kaplan–Meier plotter database. (C) Meta-analysis 
of the prognostic value of FBP1 from the Kaplan–Meier plotter database. (D) The association among ALDOA, ALDOB, ALDOC, FBP1, and FBP2 
in LUAD from the Kaplan–Meier plotter database. (E) The association among ALDOA, ALDOB, ALDOC, FBP1, and FBP2 in LIHC from the 
Kaplan–Meier plotter database. (F) The survival rate correlation between combined ALDOA and FBP1 in LUAD or LIHC from the Kaplan–Meier 
plotter database. The significance of the differences in (B, C, F) was analyzed using Cox regression. N or n were denoted as sample size. HR 
was denoted as Hazard ratio. 
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lung cancer first progression and post-progression 

survival, and vice versa, and ALDOA was correlated 

with poor prognosis. We observed that this correlation 

was specific to LUAD (Supplementary Figure 2). Similar 

trends were also observed in LIHC, and the poor 

prognosis between relapse-free survival, progression-free 

survival, and disease-specific survival were all correlated 

with the expression of ALDOA but were opposite to 

FBP1 (low expression) (Supplementary Figure 3). This 

result shows that the highly inverse correlation between 

ALDOA and FBP1 may exist as common diagnostic 

markers, representing a possible mutual regulatory 

relationship in LUAD and LIHC. 

 

Expression of ALDOA and FBP1 in LUAD and 

LIHC patients 

 

The role of FBP1 or ALDOA has been reported in 

multiple cancers [5–12, 20–26]. However, the 

relationship between ALDOA and FBP1 has not been 

discussed. To understand the relationship between 

prognosis and patients, the heatmap results of TCGA 

analysis are shown in Figure 2A, 2F. In the normal and 

tumor groups, patients with low FBP1 expression had 

high ALDOA expression (p<0.0001) (Figure 2B, 2G). 

In the same patient, high ALDOA expression was 

associated with low FBP1 expression. In contrast, low 

FBP1 expression was associated with high ALDOA 

expression (p<0.0001) (Figure 2C, 2H). These data 

showed that there was a negative correlation between 

the expression of FBP1 and ALDOA in cancer patients 

(p<0.001) (Figure 2D, 2I). Furthermore, the expression 

of ALDOA and FBP1 also showed similar trends in 

multiple cancer stages. We observed a negative 

correlation between ALDOA and FBP1 from The 

American Joint Committee on Cancer (AJCC 8th) 

pathologic stage I to stage III in LUAD or LIHC 

(Supplementary Figures 4, 5). 

 

Verification of these events was not limited to TCGA 

datasets. The related clinical datasets were introduced. 

Identical results demonstrated that an opposite trend 

between ALDOA and FBP1 was observed between 

normal and tumor groups. Patients with high ALDOA 

and low FBP1 expression were observed in the same 

patients (Figure 2E, 2J). These analyses show that FBP1 

and ALDOA have an interplay and correlation in 

patients with LUAD and LIHC. It also shows that they 

can be used as indicators of staging and prognostic 

markers, especially during early stages. 

 

Expression of ALDOA and FBP1 in LUAD and 

LIHC cells 

 

The Cancer Cell Line Encyclopedia (CCLE) database 

was established for profiling the expression of specific 

genes. To understand whether the relationship between 

ALDOA and FBP1 in patients was also reflected in cell 

lines, we conducted correlation analysis using the 

CCLE dataset, which is a complete analysis of the gene 

expression differences between multiple cancer cell 

lines. We compared the difference between Affymetrix 

and RNAseq according to the current derivative stable 

cell lines that represent LUAD and LIHC cell lines. A 

heatmap revealed a similar trend between ALDOA and 

FBP1 in Affymetrix and RNAseq, with low FBP1 

expression and high ALDOA expression in both LUAD 

and LIHC cell lines, both in the AFFY and RNAseq 

analyses (Figure 3A, 3D). Comparable results showed 

that the related expression of ALDOA and FBP1 

exhibited a significant difference (Figure 3B, 3C, 3E, 

3F). Overall, the inverse correlation between ALDOA 

and FBP1 was consistent in LUAD and LIHC cancer 

cell lines, supporting the clinical results that FBP1 and 

ALDOA have an interplay and correlation. 

 

Molecular signatures involved in FBP1 and ALDOA 

 

Based on the relationship between FBP1 and ALDOA 

in patients and the related cellular distribution, we 

hypothesized that ALDOA and FBP1 coregulate 

specific and identical molecules to control cancer 

progression. To explore the molecular signature 

involved in FBP1 and ALDOA, the related molecules 

ALDOA or FBP1 were selected based on the TCGA 

database (PanCancer Atlas dataset and Firehose Legacy 

dataset). Molecules whose correlation with ALDOA or 

FBP1 exceeded ±0.3 Spearman's correlation were 

analyzed by Venn diagram (Supplementary Figures 6A, 

6B, 7A, 7B) (Supplementary Tables 1, 2, 4, 5).  

Finally, the identical molecules between these two 

datasets were analyzed using Venn diagram again,  

and approximately 328 molecules were identified in 

LUAD, and 96 molecules were identified in LIHC 

(Supplementary Figures 6C, 7C) (Supplementary Tables 

3, 6). These molecules may correlate with ALDOA  

and FBP1 expression in LIHC or LUAD (Figure 4A  

and Supplementary Figure 7A–7C) (Figure 4B and 

Supplementary Figure 6A–6C). Then, these molecules 

were subjected to ingenuity pathway analysis (IPA) to 

identify their involvement in gene ontology-related 

analysis. In LUAD, the 96 selected molecules played  

an essential role in those physiological functions by  

IPA analysis. The results demonstrated that they were 

primarily involved in cell proliferation, DNA repair, 

and multiple metabolism pathways. These pathways 

show a possible relationship with the disease 

(Supplementary Figure 6D, 6E). To verify that our 

analysis was correct, according to the current 
understanding of ALDOA and FBP1, the intersected 

molecules in LUAD showed that MCM2, NCPAG, 

PGAM5 and SLC2A1 are related to ALDOA 



www.aging-us.com 3237 AGING 

 
 

Figure 2. A negative correlation between ALDOA and FBP1 exists in LUAD and LIHC patients. (A) The heatmap shows the 
expression of ALDOA and FBP1 in TCGA lung adenocarcinoma (LUAD) patients. (B) The related expression of ALDOA and FBP1 in the normal 
and LUAD tumor groups in TCGA lung adenocarcinoma (LUAD). (C) A paired analysis reveals the difference between ALDOA and FBP1 in TCGA 
lung adenocarcinoma (LUAD). (D) The correlation between ALDOA and FBP1 in TCGA lung adenocarcinoma (LUAD). (E) A paired analysis 
revealed the difference between ALDOA and FBP1 in GSE7670. (F) The heatmap shows the related expression of ALDOA and FBP1 in TCGA 
Liver Cancer (LIHC) patients. (G) The related expression of ALDOA and FBP1 in normal and LIHC tumor groups in TCGA Liver Cancer (LIHC).  
(H) A paired analysis revealed the difference between ALDOA and FBP1 in TCGA Liver Cancer (LIHC). (I) The correlation between ALDOA and 
FBP1 in TCGA Liver Cancer (LIHC). (J) A paired analysis revealed the difference between ALDOA and FBP1 in GSE84402. The significance of the 
differences in (B, C, E, G, H, J) was analyzed using unpaired Student’s t-tests. The significance of the differences in (D, I) was analyzed using 
Spearman's rank correlation coefficient. N or n is denoted as sample size. 
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Figure 3. LUAD and LIHC tumor cells exhibit higher ALDOA expression than FBP1. (A) A heatmap of the related expression of 

ALDOA and FBP1 in LUAD RNA sequencing data and Affymetrix microarray data. (B) Significant differences in ALDOA and FBP1 in LUAD RNA 
sequencing data. (C) Significant differences in ALDOA and FBP1 in LUAD Affymetrix microarray data. (D) A heatmap of the related expression 
of ALDOA and FBP1 in LIHC RNA sequencing data or Affymetrix microarray data. (E) Significant differences in ALDOA and FBP1 in LIHC RNA 
sequencing data. (F) Significant differences in ALDOA and FBP1 in LIHC Affymetrix microarray data. The significance of the differences was 
analyzed using unpaired Student’s t-tests. Affy was denoted as Affymetrix. RNAseq is denoted as RNA sequencing. N or n is denoted as 
sample size. 
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Figure 4. A gene set analysis shows the relationship between various molecules and ALDOA and FBP1 regulation. (A) Venn 

diagrams gather molecules related to ALDOA and FBP1 in LIHC. (B) Venn diagrams gather molecules related to ALDOA and FBP1 in LIAD. (C) 
The related Venn diagrams gather molecules related to ALDOA or FBP1 in LUAD or LIHC. (D) Gene ontology analysis predicts the biological 
functions of 30 genes. (E) An IPA linking molecules that interact between ALDOA and FBP1. (F) The heatmap shows the expression of 
downstream effectors related to ALDOA and FBP1 in TCGA LUAD/LIHC patients. (G) Spearman's correlation was used to rank the selected 
downstream effectors between ALDOA and FBP1 in LUAD/LIHC. The significance of the differences was analyzed using Xena Functional 
Genomics Explorer website. N or n is denoted as sample size. 
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(Supplementary Figure 6F), and TRIM28 is associated 

with FBP1 (Supplementary Figure 6G). A similar 

analysis was also conducted in LIHC, and 328 selected 

genes were analyzed by IPA to profile their possible 

related signaling pathways (Supplementary Figure 7D). 

Supplementary Figure 7E shows the signaling pathways 

that they may participate in, which is consistent with 

LUAD, primarily cell proliferation and is also related to 

remodeling of epithelial adherens junctions and multiple 

cancer signaling pathways as well as the possible 

signaling interaction relationship. Among these 

molecules, NCPAG and SLC2A1 are related to 

ALDOA (Supplementary Figure 7F), and PKM, 

SMARCA4, and TRIM28 are related to FBP1 

(Supplementary Figure 7G). Similar gene ontology 

results between LUAD and LIHC indicate that similar 

molecules may be involved. The Venn diagram results 

identified 30 molecules related to ALDOA and FBP1 in 

both LUAD and LIHC (Figure 4C) (Supplementary 

Table 7). Notably, the IPA results not only showed 

involvement in glycolysis and gluconeogenesis but also 

showed that they were related to the kinetochore 

metaphase signaling pathway, Wnt/β-catenin signaling, 

sperm motility and Huntington's disease signaling 

(Figure 4D). According to the molecular interaction 

network of IPA, several molecules are coregulated by 

ALDOA and FBP1 (Figure 4E). To demonstrate that 

these molecules may correlate with ALDOA and FBP1 

in LUAD or LIHC, the heatmap results of TCGA 

analysis are displayed in Figure 4F. The correlation 

results indicated that in LUAD and LIHC, PKM2, 

ENO1, PGAM5, HSP90AB1, FUS, WDR77, HIF1A, 

AGR2, and CUL4B were positively correlated with 

ALDOA and negatively correlated with FBP1. 

Conversely, STOM and NR4A1 were negatively 

correlated with ALDOA but positively correlated with 

FBP1. In addition, FLCN, HTT, and IL15 were 

negatively correlated with LUAD only, which may be 

caused by different genetic backgrounds (Figure 4G). 

Together with these results, all evidence supports that 

ALDOA and FBP1 coregulate identical downstream 

effectors to contribute to LUAD and LIHC progression. 

 

Transcription factors involved in FBP1 and ALDOA 

 

To unveil the possible transcription factors involved in 

the regulation of these molecules and their correlation 

with FBP1 and ALDOA regulation between LUAD  

and LIHC, we conducted IPA and compared the 

potential upstream regulators. Approximately 57 

upstream regulators were identified in LUAD and LIHC 

(Figure 5A) (Supplementary Table 8). Furthermore, the 

correlation value of these transcription factors between 
ALDOA and FBP1 was evaluated. To rank the most 

significant upstream regulators, a correlation value over 

±0.3 (Spearman's correlation) was selected, and the 

Venn diagram highlighted approximately five 

transcription factors, including MYBL2, E2F2, CBX3, 

FOXM1, and E2F1, that were correlated with ALDOA 

or FBP1 in both LUAD and LIHC (Figure 5B) 

(Supplementary Table 9). In addition, the related overall 

survival rate was computed and significantly correlated 

with LUAD (Figure 5C) and LIHC (Figure 5D). 

Notably, the box plot results showed that these 

upstream regulators may represent gene signature 

markers for prediction in LUAD or LIHC (Figure 5E). 

Additionally, we compared the relationship between 

these transcription factors and the selected molecules in 

Figure 4C. The results showed that upstream regulators 

were positively correlated with their downstream 

effectors in LUAD and LIHC (Figure 5F). These 

clinical correlation data support that ALDOA and FBP1 

coregulate identical downstream molecules via specific 

upstream regulators in LUAD and LIHC. 

 

DISCUSSION 
 

The use of targeted inhibitors and immunotherapy has 

enabled us to progress in combating cancer, but patient 

differences have led to inconsistent results [33–35]. 

Metabolic differences and reprogramming may be part 

of the reason for these inconsistencies [36–38]. Through 

long-term treatment with targeted inhibitors, it has been 

demonstrated that cells produce increased lactate, which 

stimulates connective tissue extracellular matrix, 

including cancer-associated fibroblasts, to secrete 

hepatocyte growth factors that promote tumor resistance 

to the drug [39]. Hence, understanding metabolism in 

cancer progression is paramount to successful 

treatment. According to Kaplan–Meier plots generated 

from pancancer data, ALDOA and FBP1 exert opposite 

effects on overall survival in LUAD and LIHC (Figure 

1) and on LUAD progression and post-progression 

survival (Supplementary Figure 2) and in LIHC 

progression-free survival and relapse-free survival 

(Supplementary Figure 3). In a study that followed 

previous studies [20–26], we found a strong association 

between high FBP1 expression and good prognosis in 

several cancers, such as lung, liver, kidney, and breast 

cancer (Figure 1C) [22, 30–32, 40–42]. Additionally, 

high FBP1 correlates with lung squamous cell 

carcinoma, and low FBP1 correlates with uterine corpus 

endometrial cancer (p=0.00052). Similar trends were 

observed in LUAD and LIHC with respect to ALDOA 

expression and overall survival, first progression, and 

post-progression survival (Supplementary Figures 2, 3), 

which is consistent with overexpression of ALDOA 

being associated with poor prognosis in surgical 

specimens [7, 15, 17, 43]. We previously observed that 
ALDOA expression correlated more strongly with poor 

prognosis in lung cancer [9, 10, 18]. In this study, a 

pancancer analysis found that ALDOA was not only 
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Figure 5. Upstream regulators are involved in ALDOA and FBP1 regulation. (A) Venn diagrams showing the upstream regulators of 

ALDOA and FBP1 between LUAD and LIHC. (B) Venn diagrams gather upstream regulators with Spearman's correlation values over ±0.3 for 
ALDOA and FBP1. (C) The prognosis of upstream regulators in LUAD. (D) The prognosis of upstream regulators in LIHC. (E) The upstream 
regulators selected between ALDOA and FBP1 are increased in LUAD and LIHC. (F) The correlation between upstream regulators and 
downstream effectors of ALDOA and FBP1. The significance of the differences was analyzed using the GEPIA website. HA is denoted as the 
LIHC PanCancer Atlas dataset. HF is denoted as the LIHC Firehose Legacy dataset. LA is denoted as LUAD PanCancer Atlas dataset. LF is 
denoted as LUAD Firehose Legacy dataset. N is denoted the normal sample size. T is denoted as the tumor sample size. HR is denoted as 
hazard ratio. 
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associated with LUAD but was also related to multiple 

cancers, in agreement with previous reports [5–12] 

(Figure 1B). Furthermore, TCGA dataset analysis also 

showed decreased ALDOA and FBP1 expression in 

individual patients with LUAD and LIHC, suggesting 

that patients with low FBP1 also exhibit high ALDOA 

expression (Figure 2D, 2H). In this study, ALDOA and 

FBP1 exhibited an inverse correlation with patient 

prognosis, especially in LUAD and LIHC (Figure 1 and 

Supplementary Figures 1–3). According to the analysis 

of TCGA datasets, patients with high ALDOA 

expression had low FBP1 expression that was correlated 

with various parameters (Figure 2 and Supplementary 

Figures 4, 5), and the CCLE dataset also consistently 

reflected these differences (Figure 3). Of note, a 

negative correlation was observed from stage I to stage 

III, indicating that expression of ALDOA and FBP1 

may play a role in tumor progression, especially during 

the early stages (Supplementary Figures 4, 5). These 

results are consistent with previous studies showing that 

high ALDOA or low FBP1 is associated with the 

progression of LUAD or LIHC [7, 9, 10, 14, 22, 24, 26, 

41, 44–46]. For the first time, we demonstrated that 

ALDOA and FBP1 correlate with disease progression, 

especially in LUAD and LIHC. 

 

The inverse expression of ALDOA and FBP1 in LUAD 

clinical patient tissues can be reflected in their 

biological functions [44, 47]. Overexpression of FBP1 

in lung cancer cells decreases glucose uptake, 

consequently decreasing lactate production [26]. 

Interestingly, under hypoxic conditions, HIF-1α 

increases ALDOA expression, leading to increased 

lactate production and reducing the degradation of HIF-

1α, subsequently promoting the invasive abilities of 

tumor cells [9]. As a result, cancer cells may increase 

cellular glycolysis and promote lactate production to 

modulate the tumor microenvironment by inhibiting the 

expression of FBP1. Currently, in LUAD or LIHC, 

transcript levels of FBP1 are understood to be regulated 

by hypermethylation of its promoter [48] and 

detransactivation by specific transcription factors, such 

as ZEB1 [26]. The simulated analysis indicated that the 

molecules involved in HIF-1α signaling included 

MMP1, MMP10, MMP12, PKM, PRKCD, RALA, 

RAN, SLC2A1, and EGLN3 (Supplementary Figures 

6D, 7D). In uterine leiomyoma, SLC2A1 and ALDOA 

were identified as HIF-1α-responsive genes [49]. 

Nonetheless, it is unclear how they are involved in the 

regulation of ALDOA and FBP1. 

 

Beyond the clinical and cellular analyses, which 

indicated that a number of molecules may be involved 
in ALDOA and FBP1 regulation, the TCGA datasets 

identified correlations to ALDOA and FBP1 values 

over ±0.3 (Spearman's rho), which were used to identify 

96 molecules in LUAD (Supplementary Figure 6C) and 

328 molecules in LIHC (Supplementary Figure 7C), 

with approximately 30 molecules in common between 

LUAD and LIHC related to ALDOA and FBP1 (Figure 

4C) as well as being increased in LUAD or LIHC tumor 

groups (Figure 4G and Supplementary Figures 6H, 7H). 

It is encouraging to find that the Gene Ontology 

analysis revealed that these 30 molecules are involved 

in glycolysis and gluconeogenesis, suggesting that the 

screening method was valid (Figure 4D). Furthermore, 

Gene Set Enrichment Analysis supports that not only 

glycolysis and gluconeogenesis but also the kinetochore 

metaphase signaling pathway, Wnt//β-catenin signaling, 

sperm motility, and Huntington's disease signaling may 

play a role in regulating ALDOA and FBP1 (Figure 

4D). In addition to glycolysis and glucose synthesis, 

these identified molecules may also participate in other 

signaling pathways, including DNA replication, the cell 

cycle, and cell damage (Figure 4 and Supplementary 

Figures 6, 7). ALDOA/FBP1 may correlate with LUAD 

and LIHC, as shown by the network and standard 

features revealed using an online tool (Figure 4E, 4F 

and Supplementary Figures 6F, 6G, 7F, 7G). As a 

prognostic model for overall survival, the first 

progression survival (Figure 4G and Supplementary 

Figures 6H, 7H) shows that these molecules potentiate a 

mutual regulatory relationship and may be important for 

tumor progression. The molecular interaction analysis 

identified novel molecules involved in ALDOA or 

FBP1 regulation, including MSM2, NCAPG, PGAM5, 

SLC2A1, PKM, SMARCA4 and TRIM2 (Figure 4E, 4F 

and Supplementary Figures 6F, 6G 7F, 7G), indicating 

not only the accuracy of the analysis but also 

identifying novel molecules involved in ALDOA or 

FBP1 regulation. Unexpectedly, the correlation analysis 

between the upstream regulator's analysis identified 

MYBL2, E2F2, CBX3, FOXM1, and E2F1 (Figure 5B), 

which were significantly elevated in the LUAD or 

LIHC tumor groups (Figure 5E), with a strongly 

correlated value (Figure 5F) with utility as biomarkers 

(Figure 5C, 5D). Based on the fact that knockdown of 

CBX3 results in an upregulation of FBP1 in pancreatic 

cells [50] and upregulation of FOXM1 results in a 

decrease in FBP1 expression in lung cancer [51], it 

seems the simulation is indeed correct. Nevertheless, 

the current research is based only on a simulation of the 

relationship between ALDOA and FBP1 to examine the 

relationship between ALDOA and FBP1, and further 

experiments will be necessary to verify the validity this 

the model. The derivative questions include other 

proteins that can regulate the activities of FBP1 and 

ALDOA in the conversion of F-1,6-BP. Overall, this 

study investigated the interaction of novel molecules 
involved with ALDOA and FBP1 to determine whether 

these connections may be related to LUAD and LIHC 

development. Targeting the ALDOA/FBP1 axis, it may 



www.aging-us.com 3243 AGING 

be expected that the molecular regulation and reversal 

of glycolytic flux will reduce tumor malignancy. 

 

MATERIALS AND METHODS 
 

Clinical prognosis correlation profiles of tumor 

patients 

 

The gene expression in clinical patients with LUAD 

and LIHC and the related survival correlations, 

including overall survival, first progression, post 

regulation survival, relapse-free survival, progression-

free survival and disease-specific survival, were 

analyzed using the Kaplan–Meier Plotter website 

(https://kmplot.com/analysis/). 

 

The distribution of genes in LUAD and LIHC 

patients 

 

Expression of ALDOA, FBP1 and genes in individual 

patients of TCGA Lung Adenocarcinoma and TCGA 

Liver Cancer and the distribution in different 

pathologic stage-related information were downloaded 

from the Xena Functional Genomics Explorer 

(http://xenabrowser.net/). 

 

Gene correlation in LUAD or LIHC patients 

 

Genes that correlated with ALDOA or FBP1 in LUAD 

or LIHC were downloaded from the TCGA, 

PanCancer Atlas and TCGA, Firehose Legacy datasets 

(https://www.cancer.gov/about-nci/organization/ccg/ 

research/structural-genomics/tcga). Spearman's 

correlation values over ±0.3 were selected from 

cBioPortal (https://www.cbioportal.org/) for analysis. 

Furthermore, the gene signature correlations in tumors 

or normal tissues were analyzed from the GEPIA2 

website (http://gepia2.cancer-pku.cn/#index). 

 

Expression of ALDOA and FBP1 in the CCLE 

database 

 

The related expression of ALDOA and FBP1 in  

LUAD (n=49) or LIHC (n=28) human tumor cell  

lines was analyzed from the Broad Institute Cancer 

Cell Line Encyclopedia (CCLE) database 

(https://sites.broadinstitute.org/ccle/). 

 

Molecule interactions and upstream regulator 

simulation 

 

Genes selected from the TCGA, PanCancer Atlas  

and TCGA, Firehose Legacy datasets and correlation 

values over ±0.3 (Spearman's correlation)  

were subjected to ingenuity pathway analysis 

(https://analysis.ingenuity.com) to identify the related 

relationship between ALDOA or FBP1 in their 

molecular interactions, gene ontology, and canonical 

signaling based on the -log(p-value) over 1.52. 

 

Definition of ALDOA and FBP1 expression levels in 

patient specimens 

 

Patient specimens (GSE7670 and GSE84402) were 

downloaded from the Gene Expression Omnibus-NCBI 

database (https://www.ncbi.nlm.nih.gov/geo/). 

 

Statistical analysis 

 

The related statistical analyses were conducted  

using GraphPad Prism 8 (https://www.graphpad.com/ 

scientific-software/prism/) or Excel to derive the 

unpaired Student’s t-tests. The statistical significance 

between difference groups was represented by  

t-test at *, p < 0.05; p < 0.01; ***, p < 0.001. A  

Cox regression analysis was used to define the 

correlation of survival rate between ALDOA and 

FBP1 in Lung adenocarcinoma or Liver hepatocellular 

carcinoma by R software (R package version 4.0.1) 

(https://www.jstatsoft.org/article/view/v084i02). 

 

Abbreviations 
 
F-1,6-BP: Fructose-1, 6-bisphosphate; ALDOA: 

Fructose-bisphosphate aldolase A; ALDOB: Fructose-

bisphosphate aldolase B; ALDOC: Fructose-

bisphosphate aldolase C; LUAD: lung adenocarcinoma; 

LIHC: liver hepatocellular carcinoma; TCGA: The 

Cancer Genome Atlas; CCLE: Cancer Cell Line 

Encyclopedia; HCC: hepatocellular carcinoma; G3P: 

glyceraldehyde 3-phosphate; DHAP: dihydroxyacetone 

phosphate; PanCancer Atlas dataset and Firehose Legacy 

dataset: TCGA database; IPA: Ingenuity Pathway 

Analysis; FBP1: Fructose-1,6- bisphosphonates 1; FBP2: 

Fructose-1,6- bisphosphonates 2; HR: Hazard ratio; N or 

n: Sample size; Affy: Affymetrix; RNAseq: RNA 

sequencing. 

 

AUTHOR CONTRIBUTIONS 
 

Conception and design: Chien Hsiu Li. Development of 

methodology: Chien Hsiu Li, Ming-Hsien Chan. 

Acquisition of data (provided animals, acquired and 

managed patients, provided facilities, etc.): Chien Hsiu 

Li, Ming-Hsien Chan, Yu-Chan Chang. Analysis and 

interpretation of data (e.g., statistical analysis, 

biostatistics, computational analysis): Chien Hsiu Li, 

Ming-Hsien Chan, Yu-Chan Chang. Drafting of the 

manuscript: Chien Hsiu Li, Yu-Chan Chang. Critical 
revision of the manuscript for important intellectual 

content: all authors. Study supervision: Yu-Chan Chang 

All authors read and approved the final manuscript. 

https://kmplot.com/analysis/
http://xenabrowser.net/
https://www.cancer.gov/about-nci/organization/ccg/research/structural-genomics/tcga
https://www.cancer.gov/about-nci/organization/ccg/research/structural-genomics/tcga
https://www.cbioportal.org/
http://gepia2.cancer-pku.cn/#index
https://sites.broadinstitute.org/ccle/
https://analysis.ingenuity.com/
https://www.ncbi.nlm.nih.gov/geo/
https://www.graphpad.com/scientific-software/prism/
https://www.graphpad.com/scientific-software/prism/
https://www.jstatsoft.org/article/view/v084i02


www.aging-us.com 3244 AGING 

ACKNOWLEDGMENTS 
 

We like to thank Dr. Michael Hsiao from the Genomics 

Research Center of Academia Sinica for his support and 

suggestions. 

 

CONFLICTS OF INTEREST 
 

Authors declare there are no conflicts of interest. 

 

FUNDING 
 

This study was supported by the Ministry of Science 

and Technology, Taiwan (MOST-110-2320-B-010-

008-MY2). This study was also supported by Yen 

Tjing Ling Medical Foundation (CI-111-9) and 

Veterans General Hospitals and University System of 

Taiwan Joint Research Program (VGHUST111-G3-3-2) 

to Y-C C. 

 

REFERENCES 
 
1. Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer 

Statistics, 2021. CA Cancer J Clin. 2021; 71:7–33. 
 https://doi.org/10.3322/caac.21654 PMID:33433946 

2. Qian CN, Mei Y, Zhang J. Cancer metastasis: issues and 
challenges. Chin J Cancer. 2017; 36:38. 

 https://doi.org/10.1186/s40880-017-0206-7 
PMID:28372569 

3. Schärfe CP, Tremmel R, Schwab M, Kohlbacher O, 
Marks DS. Genetic variation in human drug-related 
genes. Genome Med. 2017; 9:117. 

 https://doi.org/10.1186/s13073-017-0502-5 
PMID:29273096 

4. Hanahan D, Weinberg RA. The hallmarks of cancer. 
Cell. 2000; 100:57–70. 

 https://doi.org/10.1016/s0092-8674(00)81683-9 
PMID:10647931 

5. Chen X, Yang TT, Zhou Y, Wang W, Qiu XC, Gao J, Li CX, 
Long H, Ma BA, Ma Q, Zhang XZ, Yang LJ, Fan QY. 
Proteomic profiling of osteosarcoma cells identifies 
ALDOA and SULT1A3 as negative survival markers of 
human osteosarcoma. Mol Carcinog. 2014; 53:138–44. 

 https://doi.org/10.1002/mc.21957  
PMID:22949271 

6. Na N, Li H, Xu C, Miao B, Hong L, Huang Z, Jiang Q. High 
expression of Aldolase A predicts poor survival in 
patients with clear-cell renal cell carcinoma. Ther Clin 
Risk Manag. 2017; 13:279–85. 

 https://doi.org/10.2147/TCRM.S123199 
PMID:28280347 

7. Tang Y, Yang X, Feng K, Hu C, Li S. High expression of 
aldolase A is associated with tumor progression and 

poor prognosis in hepatocellular carcinoma. J 
Gastrointest Oncol. 2021; 12:174–83. 

 https://doi.org/10.21037/jgo-20-534 PMID:33708434 

8. Kawai K, Uemura M, Munakata K, Takahashi H, 
Haraguchi N, Nishimura J, Hata T, Matsuda C, Ikenaga 
M, Murata K, Mizushima T, Yamamoto H, Doki Y, Mori 
M. Fructose-bisphosphate aldolase A is a key regulator 
of hypoxic adaptation in colorectal cancer cells and 
involved in treatment resistance and poor prognosis. 
Int J Oncol. 2017; 50:525–34. 

 https://doi.org/10.3892/ijo.2016.3814 PMID:28000858 

9. Chang YC, Chan YC, Chang WM, Lin YF, Yang CJ, Su CY, 
Huang MS, Wu AT, Hsiao M. Feedback regulation of 
ALDOA activates the HIF-1α/MMP9 axis to promote 
lung cancer progression. Cancer Lett. 2017; 403:28–36. 

 https://doi.org/10.1016/j.canlet.2017.06.001 
PMID:28610954 

10. Ji S, Zhang B, Liu J, Qin Y, Liang C, Shi S, Jin K, Liang D, 
Xu W, Xu H, Wang W, Wu C, Liu L, et al. ALDOA 
functions as an oncogene in the highly metastatic 
pancreatic cancer. Cancer Lett. 2016; 374:127–35. 

 https://doi.org/10.1016/j.canlet.2016.01.054 
PMID:26854714 

11. Jiang Z, Wang X, Li J, Yang H, Lin X. Aldolase A as a 
prognostic factor and mediator of progression via 
inducing epithelial-mesenchymal transition in gastric 
cancer. J Cell Mol Med. 2018; 22:4377–86. 

 https://doi.org/10.1111/jcmm.13732 PMID:29992789 

12. Li J, Wang F, Gao H, Huang S, Cai F, Sun J. ALDOLASE A 
regulates invasion of bladder cancer cells via E-
cadherin-EGFR signaling. J Cell Biochem. 2019; 
120:13694–705. 

 https://doi.org/10.1002/jcb.28642 PMID:31081974 

13. Fu H, Gao H, Qi X, Zhao L, Wu D, Bai Y, Li H, Liu X, Hu J, 
Shao S. Aldolase A promotes proliferation and G1/S 
transition via the EGFR/MAPK pathway in non-small 
cell lung cancer. Cancer Commun (Lond). 2018; 38:18. 

 https://doi.org/10.1186/s40880-018-0290-3 
PMID:29764507 

14. Li X, Jiang F, Ge Z, Chen B, Yu J, Xin M, Wang J, An L, 
Wei J, Wu L. Fructose-Bisphosphate Aldolase A 
Regulates Hypoxic Adaptation in Hepatocellular 
Carcinoma and Involved with Tumor Malignancy. Dig 
Dis Sci. 2019; 64:3215–27. 

 https://doi.org/10.1007/s10620-019-05642-2 
PMID:31041640 

15. Saito Y, Takasawa A, Takasawa K, Aoyama T, Akimoto 
T, Ota M, Magara K, Murata M, Hirohashi Y, Hasegawa 
T, Sawada N, Saito T, Osanai M. Aldolase A promotes 
epithelial-mesenchymal transition to increase 
malignant potentials of cervical adenocarcinoma. 
Cancer Sci. 2020; 111:3071–81. 

https://doi.org/10.3322/caac.21654
https://pubmed.ncbi.nlm.nih.gov/33433946
https://doi.org/10.1186/s40880-017-0206-7
https://pubmed.ncbi.nlm.nih.gov/28372569
https://doi.org/10.1186/s13073-017-0502-5
https://pubmed.ncbi.nlm.nih.gov/29273096
https://doi.org/10.1016/s0092-8674(00)81683-9
https://pubmed.ncbi.nlm.nih.gov/10647931
https://doi.org/10.1002/mc.21957
https://pubmed.ncbi.nlm.nih.gov/22949271
https://doi.org/10.2147/TCRM.S123199
https://pubmed.ncbi.nlm.nih.gov/28280347
https://doi.org/10.21037/jgo-20-534
https://pubmed.ncbi.nlm.nih.gov/33708434
https://doi.org/10.3892/ijo.2016.3814
https://pubmed.ncbi.nlm.nih.gov/28000858
https://doi.org/10.1016/j.canlet.2017.06.001
https://pubmed.ncbi.nlm.nih.gov/28610954
https://doi.org/10.1016/j.canlet.2016.01.054
https://pubmed.ncbi.nlm.nih.gov/26854714
https://doi.org/10.1111/jcmm.13732
https://pubmed.ncbi.nlm.nih.gov/29992789
https://doi.org/10.1002/jcb.28642
https://pubmed.ncbi.nlm.nih.gov/31081974
https://doi.org/10.1186/s40880-018-0290-3
https://pubmed.ncbi.nlm.nih.gov/29764507
https://doi.org/10.1007/s10620-019-05642-2
https://pubmed.ncbi.nlm.nih.gov/31041640


www.aging-us.com 3245 AGING 

 https://doi.org/10.1111/cas.14524  
PMID:32530543 

16. Grandjean G, de Jong PR, James B, Koh MY, Lemos R, 
Kingston J, Aleshin A, Bankston LA, Miller CP, Cho EJ, 
Edupuganti R, Devkota A, Stancu G, et al. Definition of 
a Novel Feed-Forward Mechanism for Glycolysis-HIF1α 
Signaling in Hypoxic Tumors Highlights Aldolase A as a 
Therapeutic Target. Cancer Res. 2016; 76:4259–69. 

 https://doi.org/10.1158/0008-5472.CAN-16-0401 
PMID:27261507 

17. Chang YC, Chiou J, Yang YF, Su CY, Lin YF, Yang CN, Lu 
PJ, Huang MS, Yang CJ, Hsiao M. Therapeutic Targeting 
of Aldolase A Interactions Inhibits Lung Cancer 
Metastasis and Prolongs Survival. Cancer Res. 2019; 
79:4754–66. 

 https://doi.org/10.1158/0008-5472.CAN-18-4080 
PMID:31358528 

18. Zhang C, Zhao LM, Wu H, Tian G, Dai SL, Zhao RY, Shan 
BE. C/D-Box Snord105b Promotes Tumorigenesis in 
Gastric Cancer via ALDOA/C-Myc Pathway. Cell Physiol 
Biochem. 2018; 45:2471–82. 

 https://doi.org/10.1159/000488265  
PMID:29554660 

19. Chang YC, Yang YF, Chiou J, Tsai HF, Fang CY, Yang CJ, 
Chen CL, Hsiao M. Nonenzymatic function of Aldolase 
A downregulates miR-145 to promote the Oct4/ 
DUSP4/TRAF4 axis and the acquisition of lung cancer 
stemness. Cell Death Dis. 2020; 11:195. 

 https://doi.org/10.1038/s41419-020-2387-2 
PMID:32188842 

20. Li H, Li M, Pang Y, Liu F, Sheng D, Cheng X. Fructose-
1,6-bisphosphatase-1 decrease may promote 
carcinogenesis and chemoresistance in cervical cancer. 
Mol Med Rep. 2017; 16:8563–71. 

 https://doi.org/10.3892/mmr.2017.7665 
PMID:28990097 

21. Wang B, Fan P, Zhao J, Wu H, Jin X, Wu H. FBP1 loss 
contributes to BET inhibitors resistance by 
undermining c-Myc expression in pancreatic ductal 
adenocarcinoma. J Exp Clin Cancer Res. 2018; 37:224. 

 https://doi.org/10.1186/s13046-018-0888-y 
PMID:30201002 

22. Li F, Huangyang P, Burrows M, Guo K, Riscal R, 
Godfrey J, Lee KE, Lin N, Lee P, Blair IA, Keith B, Li B, 
Simon MC. FBP1 loss disrupts liver metabolism and 
promotes tumorigenesis through a hepatic stellate 
cell senescence secretome. Nat Cell Biol. 2020; 
22:728–39. 

 https://doi.org/10.1038/s41556-020-0511-2 
PMID:32367049 

23. Li J, Wang Y, Li QG, Xue JJ, Wang Z, Yuan X, Tong JD, Xu 
LC. Downregulation of FBP1 Promotes Tumor 

Metastasis and Indicates Poor Prognosis in Gastric 
Cancer via Regulating Epithelial-Mesenchymal 
Transition. PLoS One. 2016; 11:e0167857. 

 https://doi.org/10.1371/journal.pone.0167857 
PMID:27978536 

24. Yang J, Wang C, Zhao F, Luo X, Qin M, Arunachalam E, 
Ge Z, Wang N, Deng X, Jin G, Cong W, Qin W. Loss of 
FBP1 facilitates aggressive features of hepatocellular 
carcinoma cells through the Warburg effect. 
Carcinogenesis. 2017; 38:134–43. 

 https://doi.org/10.1093/carcin/bgw109 
PMID:27742690 

25. Hirata H, Sugimachi K, Komatsu H, Ueda M, Masuda T, 
Uchi R, Sakimura S, Nambara S, Saito T, Shinden Y, 
Iguchi T, Eguchi H, Ito S, et al. Decreased Expression of 
Fructose-1,6-bisphosphatase Associates with Glucose 
Metabolism and Tumor Progression in Hepatocellular 
Carcinoma. Cancer Res. 2016; 76:3265–76. 

 https://doi.org/10.1158/0008-5472.CAN-15-2601 
PMID:27197151 

26. Zhang J, Wang J, Xing H, Li Q, Zhao Q, Li J. Down-
regulation of FBP1 by ZEB1-mediated repression 
confers to growth and invasion in lung cancer cells. 
Mol Cell Biochem. 2016; 411:331–40. 

 https://doi.org/10.1007/s11010-015-2595-8 
PMID:26546081 

27. Li Q, Wei P, Wu J, Zhang M, Li G, Li Y, Xu Y, Li X, Xie D, 
Cai S, Xie K, Li D. The FOXC1/FBP1 signaling axis 
promotes colorectal cancer proliferation by enhancing 
the Warburg effect. Oncogene. 2019; 38:483–96. 

 https://doi.org/10.1038/s41388-018-0469-8 
PMID:30171256 

28. Zhang YP, Liu KL, Yang Z, Lu BS, Qi JC, Han ZW, Yin YW, 
Zhang M, Chen DM, Wang XW, Li W, Xin H. The 
involvement of FBP1 in prostate cancer cell epithelial 
mesenchymal transition, invasion and metastasis by 
regulating the MAPK signaling pathway. Cell Cycle. 
2019; 18:2432–46. 

 https://doi.org/10.1080/15384101.2019.1648956 
PMID:31448674 

29. Li XR, Zhou KQ, Yin Z, Gao YL, Yang X. Knockdown of 
FBP1 enhances radiosensitivity in prostate cancer 
cells by activating autophagy. Neoplasma. 2020; 
67:982–91. 

 https://doi.org/10.4149/neo_2020_190807N728 
PMID:32453596 

30. Dong C, Yuan T, Wu Y, Wang Y, Fan TW, Miriyala S, Lin 
Y, Yao J, Shi J, Kang T, Lorkiewicz P, St Clair D, Hung MC, 
et al. Loss of FBP1 by Snail-mediated repression 
provides metabolic advantages in basal-like breast 
cancer. Cancer Cell. 2013; 23:316–31. 

 https://doi.org/10.1016/j.ccr.2013.01.022 
PMID:23453623 

https://doi.org/10.1111/cas.14524
https://pubmed.ncbi.nlm.nih.gov/32530543
https://doi.org/10.1158/0008-5472.CAN-16-0401
https://pubmed.ncbi.nlm.nih.gov/27261507
https://doi.org/10.1158/0008-5472.CAN-18-4080
https://pubmed.ncbi.nlm.nih.gov/31358528
https://doi.org/10.1159/000488265
https://pubmed.ncbi.nlm.nih.gov/29554660
https://doi.org/10.1038/s41419-020-2387-2
https://pubmed.ncbi.nlm.nih.gov/32188842
https://doi.org/10.3892/mmr.2017.7665
https://pubmed.ncbi.nlm.nih.gov/28990097
https://doi.org/10.1186/s13046-018-0888-y
https://pubmed.ncbi.nlm.nih.gov/30201002
https://doi.org/10.1038/s41556-020-0511-2
https://pubmed.ncbi.nlm.nih.gov/32367049
https://doi.org/10.1371/journal.pone.0167857
https://pubmed.ncbi.nlm.nih.gov/27978536
https://doi.org/10.1093/carcin/bgw109
https://pubmed.ncbi.nlm.nih.gov/27742690
https://doi.org/10.1158/0008-5472.CAN-15-2601
https://pubmed.ncbi.nlm.nih.gov/27197151
https://doi.org/10.1007/s11010-015-2595-8
https://pubmed.ncbi.nlm.nih.gov/26546081
https://doi.org/10.1038/s41388-018-0469-8
https://pubmed.ncbi.nlm.nih.gov/30171256
https://doi.org/10.1080/15384101.2019.1648956
https://pubmed.ncbi.nlm.nih.gov/31448674
https://doi.org/10.4149/neo_2020_190807N728
https://pubmed.ncbi.nlm.nih.gov/32453596
https://doi.org/10.1016/j.ccr.2013.01.022
https://pubmed.ncbi.nlm.nih.gov/23453623


www.aging-us.com 3246 AGING 

31. Shi L, Zhao C, Pu H, Zhang Q. FBP1 expression is 
associated with basal-like breast carcinoma. Oncol 
Lett. 2017; 13:3046–56. 

 https://doi.org/10.3892/ol.2017.5860  
PMID:28529559 

32. Yang X, Zhao L, Pei J, Wang Z, Zhang J, Wang B. CELF6 
modulates triple-negative breast cancer progression by 
regulating the stability of FBP1 mRNA. Breast Cancer 
Res Treat. 2020; 183:71–82. 

 https://doi.org/10.1007/s10549-020-05753-9 
PMID:32601971 

33. Ugarte A, Bouche G, Meheus L. Inconsistencies  
and questionable reliability of the publication 
“immunotherapy of metastatic colorectal cancer with 
vitamin D-binding protein-derived macrophages-
activating, GcMAF” by Yamamoto et al. Cancer 
Immunol Immunother. 2014; 63:1347–8. 

 https://doi.org/10.1007/s00262-014-1587-y 
PMID:25056820 

34. Hamada T, Kosumi K, Nakai Y, Koike K. Surrogate study 
endpoints in the era of cancer immunotherapy. Ann 
Transl Med. 2018 (Suppl 1); 6:S27. 

 https://doi.org/10.21037/atm.2018.09.31 
PMID:30613602 

35. Liu ZL, Liu X, Peng H, Peng ZW, Long JT, Tang D, Peng S, 
Bao Y, Kuang M. Anti-PD-1 Immunotherapy and 
Radiotherapy for Stage IV Intrahepatic 
Cholangiocarcinoma: A Case Report. Front Med 
(Lausanne). 2020; 7:368. 

 https://doi.org/10.3389/fmed.2020.00368 
PMID:32984358 

36. Balkwill F, Mantovani A. Inflammation and cancer: back 
to Virchow? Lancet. 2001; 357:539–45. 

 https://doi.org/10.1016/S0140-6736(00)04046-0 
PMID:11229684 

37. McCarthy EF. The toxins of William B. Coley and the 
treatment of bone and soft-tissue sarcomas. Iowa 
Orthop J. 2006; 26:154–8. 

 PMID:16789469 

38. Hoption Cann SA, van Netten JP, van Netten C. Dr 
William Coley and tumour regression: a place in history 
or in the future. Postgrad Med J. 2003; 79:672–80. 

 PMID:14707241 

39. Apicella M, Giannoni E, Fiore S, Ferrari KJ, Fernández-
Pérez D, Isella C, Granchi C, Minutolo F, Sottile A, 
Comoglio PM, Medico E, Pietrantonio F, Volante M,  
et al. Increased Lactate Secretion by Cancer Cells 
Sustains Non-cell-autonomous Adaptive Resistance to 
MET and EGFR Targeted Therapies. Cell Metab. 2018; 
28:848–65.e6. 

 https://doi.org/10.1016/j.cmet.2018.08.006 
PMID:30174307 

40. Yu J, Li J, Chen Y, Cao W, Lu Y, Yang J, Xing E. Snail 
Enhances Glycolysis in the Epithelial-Mesenchymal 
Transition Process by Targeting FBP1 in Gastric Cancer. 
Cell Physiol Biochem. 2017; 43:31–8. 

 https://doi.org/10.1159/000480314 PMID:28848200 

41. Dai Q, Li N, Zhou X. Increased miR-21a provides 
metabolic advantages through suppression of FBP1 
expression in non-small cell lung cancer cells. Am J 
Cancer Res. 2017; 7:2121–30. 

 PMID:29218237 

42. Leithner K. Epigenetic Marks Repressing 
Gluconeogenesis in Liver and Kidney Cancer. Cancer 
Res. 2020; 80:657–8. 

 https://doi.org/10.1158/0008-5472.CAN-19-3953 
PMID:32060227 

43. Cui K, Jin S, Du Y, Yu J, Feng H, Fan Q, Ma W. Long 
noncoding RNA DIO3OS interacts with miR-122 to 
promote proliferation and invasion of pancreatic 
cancer cells through upregulating ALDOA. Cancer Cell 
Int. 2019; 19:202. 

 https://doi.org/10.1186/s12935-019-0922-y 
PMID:31384177 

44. Sheng H, Ying L, Zheng L, Zhang D, Zhu C, Wu J, Feng J, 
Su D. Down Expression of FBP1 Is a Negative 
Prognostic Factor for Non-Small-Cell Lung Cancer. 
Cancer Invest. 2015; 33:197–204. 

 https://doi.org/10.3109/07357907.2015.1020385 
PMID:25844935 

45. Dong Y, Huaying S, Danying W, Chihong Z, Ruibin J, 
Xiaojiang S, Jianguo F. Significance of Methylation of 
FBP1 Gene in Non-Small Cell Lung Cancer. Biomed Res 
Int. 2018; 2018:3726091. 

 https://doi.org/10.1155/2018/3726091 
PMID:29984231 

46. Niu Y, Lin Z, Wan A, Sun L, Yan S, Liang H, Zhan S, Chen 
D, Bu X, Liu P, Chen C, He W, Lu X, Wan G. Loss-of-
Function Genetic Screening Identifies Aldolase A as an 
Essential Driver for Liver Cancer Cell Growth Under 
Hypoxia. Hepatology. 2021; 74:1461–79. 

 https://doi.org/10.1002/hep.31846 PMID:33813748 

47. Zhang F, Lin JD, Zuo XY, Zhuang YX, Hong CQ, Zhang GJ, 
Cui XJ, Cui YK. Elevated transcriptional levels of 
aldolase A (ALDOA) associates with cell cycle-related 
genes in patients with NSCLC and several solid tumors. 
BioData Min. 2017; 10:6. 

 https://doi.org/10.1186/s13040-016-0122-4 
PMID:28191039 

48. Chen M, Zhang J, Li N, Qian Z, Zhu M, Li Q, Zheng J, 
Wang X, Shi G. Promoter hypermethylation mediated 
downregulation of FBP1 in human hepatocellular 
carcinoma and colon cancer. PLoS One. 2011; 
6:e25564. 

https://doi.org/10.3892/ol.2017.5860
https://pubmed.ncbi.nlm.nih.gov/28529559
https://doi.org/10.1007/s10549-020-05753-9
https://pubmed.ncbi.nlm.nih.gov/32601971
https://doi.org/10.1007/s00262-014-1587-y
https://pubmed.ncbi.nlm.nih.gov/25056820
https://doi.org/10.21037/atm.2018.09.31
https://pubmed.ncbi.nlm.nih.gov/30613602
https://doi.org/10.3389/fmed.2020.00368
https://pubmed.ncbi.nlm.nih.gov/32984358
https://doi.org/10.1016/S0140-6736(00)04046-0
https://pubmed.ncbi.nlm.nih.gov/11229684
https://pubmed.ncbi.nlm.nih.gov/16789469
https://pubmed.ncbi.nlm.nih.gov/14707241
https://doi.org/10.1016/j.cmet.2018.08.006
https://pubmed.ncbi.nlm.nih.gov/30174307
https://doi.org/10.1159/000480314
https://pubmed.ncbi.nlm.nih.gov/28848200
https://pubmed.ncbi.nlm.nih.gov/29218237
https://doi.org/10.1158/0008-5472.CAN-19-3953
https://pubmed.ncbi.nlm.nih.gov/32060227
https://doi.org/10.1186/s12935-019-0922-y
https://pubmed.ncbi.nlm.nih.gov/31384177
https://doi.org/10.3109/07357907.2015.1020385
https://pubmed.ncbi.nlm.nih.gov/25844935
https://doi.org/10.1155/2018/3726091
https://pubmed.ncbi.nlm.nih.gov/29984231
https://doi.org/10.1002/hep.31846
https://pubmed.ncbi.nlm.nih.gov/33813748
https://doi.org/10.1186/s13040-016-0122-4
https://pubmed.ncbi.nlm.nih.gov/28191039


www.aging-us.com 3247 AGING 

 https://doi.org/10.1371/journal.pone.0025564 
PMID:22039417 

49. Ishikawa H, Xu L, Sone K, Kobayashi T, Wang G, Shozu 
M. Hypoxia Induces Hypoxia-Inducible Factor 1α and 
Potential HIF-Responsive Gene Expression in Uterine 
Leiomyoma. Reprod Sci. 2019; 26:428–35. 

 https://doi.org/10.1177/1933719118776793 
PMID:29779471 

50. Chen LY, Cheng CS, Qu C, Wang P, Chen H, Meng ZQ, 
Chen Z. CBX3 promotes proliferation and regulates 
glycolysis via suppressing FBP1 in pancreatic cancer. 
Biochem Biophys Res Commun. 2018; 500:691–7. 

 https://doi.org/10.1016/j.bbrc.2018.04.137 
PMID:29678579 

51. Wang D, Moothart DR, Lowy DR, Qian X. The 
expression of glyceraldehyde-3-phosphate 
dehydrogenase associated cell cycle (GACC) genes 
correlates with cancer stage and poor survival in 
patients with solid tumors. PLoS One. 2013; 8:e61262. 

 https://doi.org/10.1371/journal.pone.0061262 
PMID:23620736 

  

https://doi.org/10.1371/journal.pone.0025564
https://pubmed.ncbi.nlm.nih.gov/22039417
https://doi.org/10.1177/1933719118776793
https://pubmed.ncbi.nlm.nih.gov/29779471
https://doi.org/10.1016/j.bbrc.2018.04.137
https://pubmed.ncbi.nlm.nih.gov/29678579
https://doi.org/10.1371/journal.pone.0061262
https://pubmed.ncbi.nlm.nih.gov/23620736


www.aging-us.com 3248 AGING 

SUPPLEMENTARY MATERIALS 

 

Supplementary Figures 

 

 

 

 
 

Supplementary Figure 1. The relationship of overall survival between ALDOA and FBP1 across cancers. The overall survival 

relationship between ALDOA and FBP1 was downloaded from the Kaplan–Meier Plotter website. The HRs, p values, and number of patients 
are displayed. HR is denoted as hazard ratio. N or n is denoted as sample size. 
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Supplementary Figure 2. Compared to FBP1, ALDOA is correlated with poor prognosis in LUAD. The survival rate correlation 

between ALDOA or FBP1 in LUAD using the Kaplan–Meier plotter database. (A) The first progression prognosis of ALDOA in lung cancer.  
(B) The post progression survival prognosis of ALDOA in lung cancer. (C) The first progression or post progression survival prognosis of FBP1 in 
lung cancer. HR is denoted as Hazard ratio. N or n is denoted as sample size. 
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Supplementary Figure 3. High ALDOA and low FBP1 are correlated with poor prognosis of LIHC. Kaplan–Meier plotter datasets 

reveal the correlation with relapse-free survival in LIHC. (A), progression free survival (B) and disease-specific survival (C) between ALDOA and 
FBP1 in LIHC. HR is denoted as Hazard ratio. N or n is denoted as sample size. 
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Supplementary Figure 4. ALDOA and FBP1 are negatively correlated in different LUAD stages. The related expression values of 
ALDOA and FBP1 in LUAD were analyzed from TCGA datasets. Data were downloaded from the Xena Functional Genomics Explorer website, 
and statistical analyses were performed based on the ALDOA and FBP1 presented by their pathological stage of LUAD. The significance of the 
differences was analyzed using Spearman's rank correlation coefficient. 
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Supplementary Figure 5. ALDOA and FBP1 are inversely correlated in LIHC. The correlation of ALDOA and FBP1 between LIHC 

stages was generated from TCGA datasets. Data were downloaded from the Xena Functional Genomics Explorer website, and statistical 
analyses were performed based on the ALDOA and FBP1 presented by their pathological stage of LIHC. The significance of the differences was 
analyzed using Spearman's rank correlation coefficient. 
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Supplementary Figure 6. The molecular interactions involved in ALDOA and FBP1 in LUAD. (A) A Venn diagram gathers molecules 

of ALDOA and FBP1 in TCGA, PanCancer Atlas. (B) A Venn diagram gathers molecules of ALDOA and FBP1 in TCGA, Firehose Lagacy. (C) The 
molecules correlated to ALDOA and FBP1 in TCGA, PanCancer Atlas or FBP1 and TCGA. Firehose Legacy were selected by Venn diagrams.  
(D) The involvement of 96 genes in canonical pathways. (E) Possible molecule interaction of 96 genes in gene ontology functions. (F) The 
molecular interactions with ALDOA. (G) The molecular interactions with FBP1. (H) The molecules selected between ALDOA and FBP1 are 
increased in LUAD. N is denoted the normal sample size. T is denoted as the tumor sample size. HR is denoted as hazard ratio. The 
significance of the differences was analyzed using the GEPIA website. 
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Supplementary Figure 7. The molecular interactions involved in ALDOA and FBP1 in LIHC. (A) A Venn diagram gathers molecules 

of ALDOA and FBP1 in TCGA, and PanCancer Atlas. (B) A Venn diagram gathers molecules of ALDOA and FBP1 in TCGA and Firehose Legacy. 
(C) The molecules correlated with ALDOA and FBP1 in TCGA, PanCancer Atlas or FBP1 and TCGA and Firehose Legacy were selected by Venn 
diagrams. (D) The involvement of 328 genes in canonical pathways. (E) Possible molecule interaction of 328 genes in gene ontology functions. 
(F) The molecule interaction between ALDOA. (G) The molecule interaction between ALDOA. (H) The molecules selected between ALDOA and 
FBP1 are increased in LIHC. N is denoted the normal sample size. T is denoted as the tumor sample size. HR is denoted as hazard ratio. The 
significance of the differences was analyzed using the GEPIA website. 
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Supplementary Tables 
 

Please browse Full Text version to see the data of Supplementary Tables 1–6, 9. 

 

Supplementary Table 1. Genes correlated to ALDOA and FBP1 expression of LUAD in the TCGA (PanCancer Atlas 
dataset). 

Supplementary Table 2. Genes correlated to ALDOA and FBP1 expression of LUAD in the TCGA (Firehose Legacy 
dataset). 

Supplementary Table 3. Genes overlapped to ALDOA and FBP1 expression of LUAD in the TCGA (PanCancer 
Atlas dataset and Firehose Legacy dataset). 

Supplementary Table 4. Genes correlated to ALDOA and FBP1 expression of LIHC in the TCGA (PanCancer Atlas 
dataset). 

Supplementary Table 5. Genes correlated to ALDOA and FBP1 expression of LIHC in the TCGA (Firehose Legacy 
dataset). 

Supplementary Table 6. Genes overlapped to ALDOA and FBP1 expression of LIHC in the TCGA (PanCancer Atlas 
dataset and Firehose Legacy dataset). 
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Supplementary Table 7. Genes overlapped to ALDOA and FBP1 expression of LIHC and LUAD in the TCGA 
(PanCancer Atlas dataset and Firehose Legacy dataset). 

Overlapped gene 

AURKB 

CCNB1 

SHCBP1 

MTFR2 

RAD51 

KIF4A 

PPM1G 

TACC3 

KIF2C 

BIRC5 

PLK1 

ORC6 

UBE2C 

CENPA 

CDT1 

FAM72B 

ORC1 

CDC20 

CENPH 

CTSV 

RAD54L 

CDC45 

NCAPG 

MYBL2 

CDCA5 

RAN 

UBE2T 

SLC2A1 

MAD2L1 

CDCA8 
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Supplementary Table 8. Overlapped upstream regulators in the LIHC and LUAD. 

Overlapped gene 

VDR 

ARNT 

IRF4 

YY1 

TCF3 

TP53 

MED1 

CEBPD 

E2F5 

FOXO3 

MITF 

HMGN5 

CBX3 

RRP1B 

KLF5 

CDKN2A 

TBX2 

CEBPB 

HSF2 

MYC 

TAL1 

MAX 

SMAD7 

E2F1 

E2F7 

BRCA1 

E2F3 

CBX4 

MBD2 

FOXO1 

NUPR1 

HIF1A 

TP73 

TLX1 

MYBL2 

ATF3 

TCF4 

ID2 

SPI1 

HDAC1 

YAP1 

RB1 

TP63 

RBL1 

VHL 

HSF1 

NFYA 

SP1 
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ZBTB17 

CCND1 

FOXM1 

MLIP 

NFE2L2 

E2F4 

GON4L 

MYOD1 

E2F2 

 

Supplementary Table 9. Upstream regulators correlated and overlapped to ALDOA and FBP1 expression in the 
LIHC and LUAD. 


