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Background: GLYATL1 is a member of the glycine-N-acyltransferase family, which catalyses acyl group transfer. The role of 
GLYATL1 in cancer is largely unknown; therefore, the potential value of GLYATL1 in clear cell renal cell carcinoma (ccRCC) was 
explored.
Methods: The ccRCC gene expression profiles and clinical data were obtained from the University of California Santa Cruz Xena 
platform. Differential expression and survival analysis were performed using R software. Samples from the TIMER public database 
and real-world were used for validation. The potential molecular mechanism of GLYATL1 in ccRCC was explored using gene set 
enrichment analysis (GSEA).
Results: GLYATL1 was downregulated, indicating a poor prognosis in ccRCC. Low expression of GLYATL1 was significantly 
associated with advanced stage and higher histological grade ccRCC. The differential expression of GLYATL1 was validated at the 
protein level using clinical samples and tissue microarray. The results of GSEA showed that multiple crucial signalling pathways 
including fatty acid metabolism, adipogenesis, oxidative phosphorylation and epithelial–mesenchymal transition were enriched.
Conclusion: This study demonstrated that GLYATL1 downregulation has an unfavourable impact on the survival of patients with 
ccRCC. The resulting data indicated that GLYATL1 could be a potential new target for ccRCC therapy, which may be helpful for the 
personalized treatment of such individuals.
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Introduction
Renal cell carcinoma (RCC) is one of the most prevalent cancers of the urinary system. Clear cell renal cell carcinoma 
(ccRCC) is the major histological subtype of RCC, accounting for approximately 75% of all RCCs.1 According to the 
2022 cancer statistics data, 79,000 new cases and 13,920 fatality cases are reported in the United States annually.2 

Although surgery, targeted molecular therapy and immunotherapy have improved the overall survival (OS) of patients 
with ccRCC, therapeutic options are limited for those with metastatic ccRCC.3,4 Therefore, early diagnosis and 
identification of patients with poor prognoses are crucial to improving the survival outcomes of ccRCC. Increasing 
studies have revealed the various molecular aspects of ccRCC onset and progression. For instance, ccRCC is character
ized by near-universal loss of chromosome 3p and relatively high mutation frequencies in several important genes 
residing on 3p (PBRM1, SETD2, BAP1, MLH1 and SETD2). Hence, chromosome 3p deletion was regarded as the 
initiating factor in ccRCC.5 In addition, the loss or mutation of the VHL gene is generally considered to be one of the 
involved initiating steps in the progression of ccRCC, which can regulate the transcription of many genes involved in 
angiogenesis, metabolism, and chromatin remodeling via the pathway of HIF1α and HIF2α.5 Therefore, understanding 
the molecular biology of ccRCC is vital.
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Glycine-N-acyltransferase-like 1 (GLYATL1) is a member of the glycine-N-acyltransferase (GLYAT) family, mainly 
expressed in the kidney and liver. GLYATL1, first reported in 2007,6 is located in 11q12.1 and comprises 1546 base pairs. 
It encodes a protein comprising 302 amino acids, which is involved in carboxylic acid conjugation to glycine and 
glutamine, like other members of the GLYAT family.6 As various carboxylic acid derivatives are combined with an amino 
acid to increase water solubility and urine excretion in mammals, this conjugation is an important pathway in endogenous 
and exogenous acyl-CoA detoxification.7 GLYATL1 is vital to not only normal physiological metabolism but also 
tumorigenesis. Furthermore, previous studies have reported that the expression and role of GLYATL1 differed among 
cancer types, with GLYATL1 expression significantly increasing in primary prostate cancer than that in benign prostatic 
tissue and metastatic prostate cancer.8 Moreover, the knockdown of GLYATL1 inhibits the colony-forming ability of 
prostate cancer in vitro.9 In breast cancer, GLYATL1 is overexpressed in oestrogen receptor-negative cancer tissue 
compared with oestrogen receptor-positive cancer tissue.10 Additionally, studies have reported that GLYATL1 is down
regulated in hepatocellular carcinoma, and its low expression is associated with poor OS, suggesting the prognostic value 
of GLYATL1 in hepatocellular carcinoma.11,12 However, the expression and value of GLYATL1 in ccRCC are yet to be 
investigated. This study explores the potential role of GLYATL1 in ccRCC using data accessed from The Cancer Genome 
Atlas (TCGA) database and real-world samples.

Materials and Methods
Data Extraction Using Online Databases
ccRCC gene expression profiles and clinical data of the TCGA cohort were obtained from the University of California Santa 
Cruz Xena platform (https://xena.ucsc.edu/).13 The database provides data on 535 ccRCC RNA-sequence samples and 72 
normal kidney samples. After matching the survival data and excluding patients with follow-ups less than one month, 518 
patients were selected for survival analysis. Additionally, the TIMER database (https://cistrome.shinyapps.io/timer/) was used 
for validation studies.14

Tissue Samples
The ccRCC samples from two cohorts were used to validate the GLYATL1 expression at the protein level using 
immunohistochemical (IHC) analysis. One cohort was from a tissue microarray (HKidE150CS03), which was purchased 
from Shanghai Outdo Biotech Co., Ltd. (http://www.superchip.com.cn/), containing 75 ccRCC samples and 75 paired 
normal renal samples. Another cohort was from the Meizhou People’s Hospital, comprising ten paraffin-embedded 
ccRCC samples and paired normal renal samples. Informed consent was obtained from each patient. Ethical approval for 
tissue microarray examinations was granted by the Ethics Committee of Outdo Biotech.

IHC Analysis
IHC staining was performed on the paraffin slides and tissue microarray following the provided protocol. The primary 
antibody was anti-GLYATL1 (1:500 dilution, Cat. No. GTX106956, GeneTex), and the secondary antibody was 
ab205718 (1:1000 dilution, Abcam, Cambridge, UK). Two independent pathologists evaluated and scored the IHC 
results after haematoxylin and eosin staining. The percentage of positively stained cells was scored as follows: 0 (< 1%), 
1 (1–25%), 2 (26–50%), 3 (51–75%) and 4 (76–100%). The staining intensity was scored as follows: 0 (negative), 1 
(weak), 2 (moderate) and 3 (strong). The final IHC score was obtained by multiplying the percentage and intensity 
scores, which ranged from 0 to 12. Detailed IHC analysis was performed as described previously.15

Gene Set Enrichment Analysis (GSEA)
GSEA is a useful and commonly used method for functional enrichment analysis, which explores the potential 
mechanism of genes.16 Firstly, the correlation coefficient and P-value was calculated between each gene and 
GLYATL1. Then, the genes was sorted from largest to smallest based on the correlation coefficient and the gene list 
was required when performing GSEA. Finally, GSEA was performed according to the gene list using the R package 
“clusterProfiler”. Thus, the pathways enriched by the GLYATL1 correlated genes could indicate the potential function of 
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GLYATL1 to some extent. Additionally, the correlation between GLYATL1 expression and the significantly enriched 
pathways using single-sample GSEA was explored. The GO and KEGG analysis were also performed.

Statistics
R software v4.3.1 (R Foundation for Statistical Computing, Vienna, Austria) and Strawberry Perl v.5.30.1.1 were used 
for data processing and statistical analyses. Additionally, the chi-square test, t-test, Fisher’s exact test and ANOVA were 
used. The log-rank and Spearman tests were used for survival and correlation analysis, respectively. P < 0.05 was 
considered statistically significant.

Results
GLYATL1 Was Downregulated in ccRCC
RNA-sequence data from the 535 ccRCC and 72 normal renal samples revealed a significant decrease in GLYATL1 
expression in ccRCC tissues compared with that in normal renal tissues (P = 0.00047, Figure 1A). Additionally, data 
from the TIMER database was used, which validated the RNA sequence data results (Figure 1B). Moreover, GLYATL1 
expression varied among different cancers. For example, compared with normal tissues, GLYATL1 was upregulated in 
breast invasive carcinoma, colon adenocarcinoma and lung adenocarcinoma; however, it was downregulated in cholan
giocarcinoma, kidney chromophobe carcinoma and liver hepatocellular carcinoma (Figure 1B).

GLYATL1 Expression Correlated with Clinicopathological Parameters in ccRCC
After matching the clinicopathological and GLYATL1 expression data, the patients were divided into high- and low- 
GLYATL1 expression groups according to the median value of GLYATL1 expression. The association between GLYATL1 
expression and clinicopathological characteristics of ccRCC cohort from TCGA is showed in Table 1. GLYATL1 expression 
was significantly associated with sex (P < 0.001), cancer status (P < 0.001), histological grade (P < 0.001), T stage (P < 

Figure 1 GLYATL1 expression showed a decrease in ccRCC tissues compared with normal renal tissues. (A) The data of 535 tumours and 72 normal renal samples were 
obtained from The Cancer Genome Atlas. (B) GLYATL1 expression data in pan-cancer from the TIMER database (https://cistrome.shinyapps.io/timer/). (C–F) GLYATL1 
expression shows a significant decrease with higher histological grade, T stage, distant metastasis and advanced TNM stages. *p < 0.05, **p < 0.01, ***p < 0.001. 
Abbreviation: ccRCC, clear cell renal cell carcinoma.
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0.001), M stage (P = 0.002) and TNM stage (P = 0.001). Further analysis revealed a significant decrease in GLYATL1 
expression with increasing histological grade (P < 0.001), T stage (P < 0.001), distant metastasis (P = 0.0027) and TNM 
stage (P = 0.0011, Figure 1C–F). These results indicate the negative association of GLYATL1 with ccRCC malignancy.

Table 1 Correlations Between the Expression of GLYATL1 and 
Clinicopathologic Characteristics in Clear Cell Renal Cell Carcinoma

Characteristic n (%) Expression of GLYATL1 (%) p-value

High Low

Total 535 (100) 267 (49.91) 268 (50.09)
Age 0.545

≤ 60 years 267 (49.91) 137 (51.3) 130 (48.5)

> 60 years 268 (50.09) 130 (48.7) 138 (51.5)
Gender < 0.001

Female 186 (34.77) 119 (44.6) 67 (25.0)

Male 349 (65.23) 148 (55.4) 201 (75.0)
Cancer status < 0.001

Tumor free 336 (62.8) 190 (71.2) 146 (54.5)

With tumor 148 (27.66) 49 (18.4) 99 (36.9)
Unknown 51 (9.53) 28 (10.5) 23 (8.6)

Race 0.34

White 463 (86.54) 234 (87.6) 229 (85.4)
Asian 8 (1.5) 2 (0.7) 6 (2.2)

Black 57 (10.65) 27 (10.1) 30 (11.2)

Unknown 7 (1.31) 4 (1.5) 3 (1.1)
Grade < 0.001

G1 14 (2.62) 10 (3.7) 4 (1.5)

G2 231 (43.18) 126 (47.2) 105 (39.2)
G3 207 (38.69) 110 (41.2) 97 (36.2)

G4 75 (14.02) 19 (7.1) 56 (20.9)

Unknown 8 (1.5) 2 (0.7) 6 (2.2)
T stage < 0.001

T1 275 (51.4) 159 (59.6) 116 (43.3)
T2 70 (13.08) 34 (12.7) 36 (13.4)

T3 179 (33.46) 72 (27.0) 107 (39.9)

T4 11 (2.06) 2 (0.7) 9 (3.4)
N stage 0.068

N0 240 (44.86) 123 (46.1) 117 (43.7)

N1 16 (2.99) 4 (1.5) 12 (4.5)
Unknown 279 (52.15) 140 (52.4) 139 (51.9)

M stage 0.002

M0 424 (79.25) 224 (83.9) 200 (74.6)
M1 78 (14.58) 26 (9.7) 52 (19.4)

Unknown 33 (6.17) 17 (6.4) 16 (6.0)

TNM stage 0.001
Stage I 269 (50.28) 156 (58.4) 113 (42.2)

Stage II 58 (10.84) 28 (10.5) 30 (11.2)

Stage III 123 (22.99) 54 (20.2) 69 (25.7)
Stage IV 82 (15.33) 28 (10.5) 54 (20.1)

Unknown 3 (0.56) 1 (0.4) 2 (0.7)
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The Protein Expression Level of GLYATL1 in Two Real-World Cohorts
GLYATL1 expression was validated at the protein level using IHC analysis in two real-world cohorts. IHC results 
showed that the cytoplasm and renal tubular cell membranes were primarily stained, with a high positively stained cell 
percentage and stronger staining intensity in normal renal tissues than that in ccRCC tissues in both cohorts (Figure 2A). 
Paired t-test revealed a significantly higher IHC score in normal renal samples compared with that in tumour samples 
(P < 0.001, Figure 2B). Therefore, these results confirmed the downregulation of GLYATL1 in ccRCC.

Independent Prognostic Value of GLYATL1 in ccRCC
The Kaplan–Meier analysis was used to explore the survival difference among patients with different GLYATL1 
expressions in the TCGA cohort. The results showed that patients with lower GLYATL1 expression had significantly 
poorer OS and disease-free survival (DFS) than those with higher GLYATL1 expression (P < 0.001, Figure 3A and B). 
Furthermore, Cox regression was used for univariate and multivariate survival analyses to assess the independent 
prognostic value of GLYATL1 in ccRCC. The analyses revealed a significant difference in OS between the high- and 
low-GLYATL1 expression groups for both univariate (hazard ratio [HR], 0.774; 95% confidence interval [CI], 0.698– 
0.859; P < 0.001) and multivariate analyses (HR, 0.816; 95% CI, 0.729–0.913; P < 0.001, Figure 3C and D). For DFS, 
univariate (HR, 0.657; 95% CI, 0.577–0.747; P < 0.001) and multivariate (HR, 0.703; 95% CI, 0.607–0.813; P < 
0.001, Figure 3E and F) analyses revealed similar results, which indicated the independent prognostic role of 
GLYATL1 in ccRCC. Additionally, age, histological grade and TNM stage were found to be independent prognostic 
factors for OS (Figure 3D), which required further stratified survival analysis. Compared to patients with high- 
GLYATL1, a significantly poorer OS was observed in patients with low-GLYATL1 expression for the following 
criteria: age < 60 years (P = 0.011) and ≥ 60 years (P < 0.001), grade 3/4 (P < 0.001) and stage I/II (P = 0.007), 
but not for grade 1/2 (P = 0.18) or stage III/IV (P = 0.052) (Figure 4A–C). However, a significant difference in DFS 
between the low- and high- GLYATL1 expression groups was observed in all stratified analyses based on age, 
histological grade and TNM stage (Figure 4D–F).

Figure 2 Protein expression levels of GLYATL1 in ccRCC and normal renal tissues. (A) Representative images of immunohistochemically stained tumours and normal renal 
tissues. Case 1 represents a cohort of ten cases from the MZPH; case 2 represents a cohort of 75 cases derived from a tissue chip (magnification, ×200). (B) Comparison of 
the IHC scores of ccRCC and normal renal tissues. 
Abbreviations: ccRCC, clear cell renal cell carcinoma; MZPH, Meizhou People’s Hospital; IHC, immunohistochemistry.
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Constructing and Evaluating a GLYATL1-Based Predictive Nomogram
Nomogram is a common method utilized to predict the survival rate of individuals with cancer.17 Calibration plots and 
concordance index (C-index) are commonly used to evaluate nomogram efficacy.18,19 The independent prognostic 
factors (age, grade, stage and GLYATL1 expression) were used to construct a nomogram that predicts the OS 
probability of patients with ccRCC (Figure 5A). The calibration plots revealed the well-predicted 1-, 3-, and 5-year 
OS probabilities using the nomogram, which were similar to the actual outcomes (Figure 5B). The C-index of the 
nomogram was 0.770, which was higher than that of any single independent prognostic factor (age, 0.565; grade, 

Figure 3 The prognostic value of GLYATL1 in ccRCC cohort from The Cancer Genome Atlas. (A and B) Decreased GLYATL1 expression was correlated with poor OS and 
DFS in patients with ccRCC. (C and D) Univariate and multivariate Cox regression analyses for OS. (E and F) Univariate and multivariate Cox regression analyses for DFS. 
Abbreviations: ccRCC, clear cell renal cell carcinoma; OS, overall survival; DFS, disease-free survival.
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0.672; stage, 0.732; GLYATL1 expression, 0.585). Moreover, the areas under the curve of the nomogram was 0.854, 
0.809, and 0.749 for the 1-, 3-, and 5-year OS of patients with ccRCC, respectively, which was higher than any single 
independent prognostic factor (Figure 5C). These results indicate good predictability of the nomogram for the OS of 
patients with ccRCC.

Functional Enrichment Analysis
GLYATL1 expression is closely associated with the clinicopathological features and survival of ccRCC. Hence, the 
potential molecular mechanism of GLYATL1 was explored through GSEA in the ccRCC cohort acquired from TCGA. 
The results showed the possible association of GLYATL1 with fatty acid metabolism, adipogenesis, oxidative phosphor
ylation and epithelial–mesenchymal transition (EMT) (Figure 6A). Consistently, the results of GO and KEGG analysis 
also showed that GLYATL1 was associated with small molecule metabolic process including carboxylic acid, amino acid, 
and fatty acid (Figure 6B and C). Owing to the vital role of fatty acid metabolism reprogramming and EMT in cancer 
progression, its relationship with GLYATL1 was further explored. It revealed that GLYATL1 expression was significantly 
negatively correlated with EMT in several cancer types, such as prostate adenocarcinoma, kidney renal papillary cell 
carcinoma and brain lower grade glioma (Figure 6D). In addition, a positively correlation was observed between 
GLYATL1 expression and fatty acid metabolism in various cancer types, such as liver hepatocellular carcinoma, 
cholangiocarcinoma and pancreatic adenocarcinoma (Figure 6E).

Figure 4 Stratified survival analysis for GLYATL1 expression in ccRCC cohort from The Cancer Genome Atlas. (A–C) Kaplan–Meier survival analysis for overall survival, 
which is stratified by age, grade, and stage. (D–F) Kaplan–Meier survival analysis for disease-free survival, which is stratified by age, grade, and stage. 
Abbreviation: ccRCC, clear cell renal cell carcinoma.
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Discussion
Although ccRCC therapeutics have improved, the survival outcomes remain unsatisfactory. The lack of useful prognostic 
biomarkers can be considered a contributing factor to this unsatisfactory outcome. Therefore, it is crucial to identify 
novel prognostic biomarkers for patients with ccRCC. GLYATL1 is a potential candidate owing to its involvement in the 
catalysis of acyl group transfer. Therefore, this study analysed the RNA-sequence data of ccRCC, which were validated 
using IHC on two real-world cohort samples. The data analyses revealed that GLYATL1 expression was significantly 
decreased in the ccRCC tumor tissue compared with normal kidney tissue, which may help differentiate ccRCC from 
normal tissues. In addition, decreased GLYATL1 expression significantly correlated with poorer OS and DFS, which 
indicated the potential involvement of GLYATL1 as a prognostic biomarker in ccRCC. Hence, GLYATL1 could enable 
the identification of patients with poor survival and aid in selecting the appropriate therapeutic measures to improve the 
survival of these individuals.

Figure 5 A nomogram based on GLYATL1 expression to predict the overall survival of patients with ccRCC. (A) The nomogram for predicting overall survival. (B) 
Calibration plots show the association between the nomogram-predicted overall survival and actual overall survival. The Y-axis represents the actual survival while the 
X-axis represents the nomogram-predicted survival. The solid and dotted lines are close, which suggests the efficient predictability of the nomogram. (C) Comparison of the 
predictive power of the nomogram and other independent prognostic factors for the overall survival of patients with ccRCC. 
Abbreviations: AUC, area under the curve; ccRCC, clear cell renal cell carcinoma.
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GLYATL1 encodes a type of glycine-N-acyltransferase, which catalyses the acyl group transfer from acyl-CoA to 
glycine and regulates the production of adenosine triphosphate; availability of CoASH, glycine, and the detoxification of 
various organic acids.7,20,21 Apart from normal physiological metabolism, GLYATL1 also plays a significant role in 
cancers. Guan et al reported that decreased GLYATL1 expression was correlated with poor OS in liver cancer.11 

However, Eich et al reported that GLYATTL1 was upregulated and positively correlated with histological grade in 
prostate cancer.8 In this study, decreased GLYATL1 expression was correlated with malignant clinicopathological 
features, such as a higher histological grade and an advanced TNM stage. Moreover, univariate and multivariate analyses 
indicated the independent prognostic value of GLYATL1 for OS and DFS in ccRCC, which was validated by the stratified 
analysis results based on age, histological grade and TNM stage. However, no significant difference was observed in OS 
among patients with histological grade 1/2 or TNM stage III/IV, which can be attributed to inadequate follow-up time or 
small sample sizes. Additionally, the GLYATL1-based nomogram predicted the survival rates of patients with ccRCC, 
which can help to personalise clinical evaluation and therapeutic strategies.

Figure 6 The results of functional enrichment analysis. (A) GSEA of GLYATL1 in ccRCC. (B) The results of KEGG analysis. (C) The results of GO analysis. (D) Correlation 
analysis of GLYATL1 expression and hallmark EMT pathways in pan-cancer analysis. (E) Correlation analysis of GLYATL1 expression and fatty acid metabolism pathways in 
pan-cancer analysis. 
Abbreviations: ccRCC, clear cell renal cell carcinoma; EMT, epithelial–mesenchymal transition; GSEA, gene set enrichment analysis.
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Previous studies have reported on a close association between glycine metabolism and cancer cell proliferation.22 As 
an important enzyme in glycine metabolism, GLYATL1 can inhibit glycine uptake and biosynthesis and impair cancer 
proliferation.23 Additionally, GLYAT, another member of the GLYAT family, was downregulated and associated with 
poor survival outcomes in breast cancer. Moreover, GLYAT can promote tumour growth and EMT through the PI3K 
pathway.24 The results of GSEA in this study also suggested that GLYATL1 was significantly associated with EMT 
pathways in various cancer types including ccRCC.

ccRCC is a known metabolic disease characterized by the reprogramming of energy production processes including 
the glucose and lipid metabolism.25–27 Additionally, RCC is also one of the most immune-infiltrated tumors.28,29 An 
increasing body of evidence indicates the crucial crosstalk among metabolism reprogramming, immune infiltration, 
inflammatory response, and tumor microenvironment.30–32 For example, fatty acids metabolism reprogramming can 
affect the alternative polarization of immune cells and further influence the therapeutic effect of anti-PD-1/PD-L1 in 
tumor immune microenvironment in ccRCC.33 Our study revealed that GLYATL1 might play a vital role in fatty acid 
metabolism and could modulate inflammatory response. This observation aligns with the functions observed in other 
members of the GLYAT family, including GLYATL2 and GLYATL3.34,35

Although this study elucidates the potential significance of GLYATL1 in ccRCC, several limitations exist. First, the 
prognostic value of GLYATL1 in ccRCC was mainly elucidated using public databases, which requires further validation 
using real-world cohorts. Second, although differences in GLYATL1 expression was validated in two cohorts at the 
protein level, the association between GLYATL1 expression and survival outcomes was only explored at the mRNA 
level, which requires further validation at the protein level. Third, function enrichment analysis is inadequate to fully 
elucidate the potential molecular mechanism of GLYATL1 in ccRCC; therefore, further basic in vitro and in vivo 
experiments are required. Finally, the nomogram in this study was constructed primarily based on the data downloaded 
directly from database and the methods of detecting GLYATL1 expression and data processing were unclear. Thus, the 
model cannot be directly applied for individual patient in this form during clinical practice before it was further verified 
in multi-center clinical studies.

Conclusions
This study demonstrated that GLYATL1 was downregulated in ccRCC and functioned as a key prognostic biomarker for ccRCC. 
Owing to its potential role in fatty acid metabolism and EMT, GLYATL1 may be a candidate therapeutic target for ccRCC.

Abbreviations
RCC, renal cell carcinoma; ccRCC, clear cell renal cell carcinoma; GLYAT, glycine-N-acyltransferase; GLYATL1, 
Glycine-N-acyltransferase-like 1; OS, overall survival; TCGA, The Cancer Genome Atlas; qPCR, quantitative poly
merase chain reaction.
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