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A B S T R A C T   

Objective: Chronic kidney disease (CKD) related to obstructive sleep apnea-hypopnea syndrome 
(OSAHS) mainly results from chronic intermittent hypoxia (CIH)-induced renal injury. This study 
aimed to explore the interaction between the long noncoding RNA (lncRNA) growth arrest- 
specific transcript 5 (GAS5) and recombinant adenine phosphoribosyltransferase (APRT) in 
CIH-induced renal injury. 
Methods: A rat intermittent hypoxia model was constructed, total RNA was extracted from kidney 
tissue, and transcriptome sequencing was performed using high-throughput sequencing tech-
nology. CIH rat models were established and injected with sh-GAS5 or OE-APRT plasmid, the 
serum levels of blood urea nitrogen (BUN) and creatinine amidohydrolase were measured, and 
the expression of oxidative stress-related factors was detected. Hematoxylin and eosin (H&E) and 
Masson’s trichrome staining were used for morphological observations, and cell apoptosis was 
determined by TUNEL staining. Interactions between GAS5, TATA-box binding protein-associated 
factor 1 (TAF1), and APRT were predicted and verified. After transfection of HK-2 cells, the 
expression of GAS5, TAF1, APRT, Bax, Bcl-2, apoptosis-related factors, fibrosis-related factors 
(collagen I and IV), and autophagy-related proteins (LC3-II, LC3-I, p62, and Beclin-1) was 
measured by RT-qPCR and western blotting. 
Results: Sequencing results revealed that TAF1 was significantly increased and APRT was 
significantly decreased in the CIH group. RNA was significantly involved in the biological process 
of kidney injury mediated by CIH. CIH rats injected with GAS5 suppression or APRT over-
expression plasmids showed decreased GAS5 and elevated APRT expression, along with sup-
pressed serum levels of BUN and creatinine amidohydrolase. Meanwhile, GAS5 suppression or 
APRT overexpression attenuated apoptosis and fibrosis, suppressed oxidative stress, and 
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promoted autophagy in CIH-induced renal tubular epithelial cells. The RNA pull-down assay and 
RIP verified the binding and interaction of GAS5 and TAF1. Chip immunoprecipitation (ChIP) 
identified TAF1 regulation of the APRT promoter. GAS5 and TAF1 negatively regulated APRT 
expression. 
Conclusion: The lncRNA GAS5 can bind TAF1 to suppress APRT transcription, thereby enhancing 
CIH-induced renal injury in rats.   

1. Introduction 

Obstructive sleep apnea-hypopnea syndrome (OSAHS) is a sleep-related breathing disorder characterized by snoring and the re-
petitive collapse of the upper airways, which disrupts normal ventilation [1,2]. OSAHS is associated with multiple comorbidities, 
including cardiovascular events and chronic kidney disease (CKD). OSAHS damages renal tubular function; promotes renal inflam-
mation, endothelial dysfunction, and renal fibrosis through chronic hypoxemia; activates the sympathetic nervous system or 
renin-angiotensin-aldosterone system (RAAS); induces the production of reactive oxygen species; and ultimately leads to renal 
function damage. The incidence of OSAHS is high in patients with CKD, and OSAHS promotes CKD progression. More than half of 
patients with CKD have OSAHS, which in turn results in unfavorable progression and increased mortality [3,4]. Therefore, CKD and 
OSAHS have a bidirectional relationship [5]. Chronic intermittent hypoxia (CIH) plays a key role in activating the sympathetic nervous 
system or RAAS in renal tissue and eventually progresses to CKD [6]. Therefore, CIH-induced renal injury related to OSAHS is a major 
contributor to CKD progression, and elucidation of its possible pathology is of great importance for the treatment of OSAHS-related 
CKD. 

The lncRNA growth arrest-specific 5 (GAS5) was initially identified in growth-arrested cells [7] and is crucial for numerous 
signaling pathways [8]. The tumor-suppressive effect of GAS5 has also been observed in various tumor types, including gastric [9] and 
colorectal [10] cancer. However, the role of GAS5 in clear cell renal cell carcinoma remains controversial. In a previous study, GAS5 
suppression enhanced the tumorigenicity of clear cell renal cell carcinoma [11,12], while another study identified GAS5 over-
expression in clear cell renal cell carcinoma tissues [13]. Furthermore, the role of GAS5 in renal fibrosis remains controversial [14]. 
However, the mechanism of action of GAS5 in intermittent hypoxia remains unclear. Therefore, in the present study, we aimed to 
determine the role and effects of GAS5 in CIH-induced renal injury. 

Deficiency of adenine phosphoribosyltransferase (APRT) is a disorder associated with purine metabolism that mainly affects kidney 
function [15]. APRT deficiency contributes to the development of kidney stones and CKD in young children [16]. However, no study 
has explored the role of APRT in OSAHS. (TATA-box binding protein-associated factor 1) TAF1 is a subcomplex of transcription factor 
IID (TFIID) that is involved in the recognition of DNA initiators and promoter elements [17]. The GAS5-TAF1 feedback loop inhibits 
the osteogenic differentiation of human bone marrow mesenchymal stem cells [18]. The LncMAP database has predicted a possible 
interaction between GAS5, TAF1, and APRT in papillary renal cell carcinoma; therefore, we speculated that GAS5 may also regulate 
TAF1 and APRT in CIH-induced renal injury. This study aimed to verify the possible role of the GAS5/TAF1/APRT axis in CIH-induced 
renal injury in both cell lines and rat models. 

2. Materials and methods 

2.1. CIH model establishment 

The day and night habits, nocturnal movement, and sleep times of Sprague-Dawley (SD) rats were consistent with people’s working 
hours; therefore, SD rats were suitable for the study of OSA. SD rats (180–220 g) were purchased from GemPharmatech (Jiangsu, 
China; Laboratory Animal Production Certificate No: SCXK [Jing] 2021-0106). Rats were housed with a light-dark (12 h:12 h) cycle at 
22 ± 3 ◦C, 60 ± 5 % humidity, and free access to food and water. The experimental design was approved by the ethics committee of the 
Animal Care and Use Committee of Tongji Hospital. 

The oxygen sensor was placed under the CIH cabin to measure oxygen. From 8 a.m. to 4 p.m., the rats were exposed to 5 % O2 for 2 
min, 4 min per cycle, for 8 h. Establishing the CIH model took eight weeks [19]. CIH rats in the CIH + sh-GAS5 or CIH + OE-APRT 
groups received caudal vein injections of 2 mg/kg sh-GAS5 (GeneChem, Shanghai, China) or OE-APRT (GeneChem, Shanghai, China) 
plasmids, respectively. Rats in both groups were euthanized with ketamine and xylazine on the fifteenth day after the last anoxia cycle. 
The renal tissues were collected for morphological analysis. 

2.2. Serum biochemical indicators 

Venous blood from the abdomen was collected and centrifuged at 3000 rpm for 10 min, and the serum on the surface was collected. 
Serum levels of urea nitrogen (BUN) and creatinine were measured using BUN (EIABUN, Invitrogen, New York, USA) and creatinine 
(C011-2-1, Nanjing Jiancheng Bioengineering Institute, Jiangsu, China) kits, respectively, to assess renal function. 
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2.3. Determination of oxidative stress parameters 

Renal tissues were homogenized using a homogenizer. Superoxide dismutase (SOD; S0101S, Beyotime, Shanghai, China), 
malondialdehyde (MDA; S0131S, Beyotime), glutathione peroxidase (GSH-px; S0058, Beyotime), GSH, and glutathione disulfide 
(GSSG; S0053, Beyotime) kits were used to detect the expression levels of the oxidative parameters in the homogenate. 

2.4. Hematoxylin & eosin (H&E) staining 

The bilateral kidneys were perfused with normal saline through the abdominal aorta until no blood flowed out. The kidneys were 
fixed in 4 % paraformaldehyde, embedded in paraffin, and sectioned. The sections were deparaffinized and washed with decreasing 
ethanol gradients (100 %, 95 %, 80 %, and 75 %). Sections were stained with hematoxylin (2 g/L) for 5 min, washed with distilled 
water, and immersed in hydrochloric acid/ethanol (1 mL hydrochloric acid with 99 mL 70 % ethanol) for 30 s. Sections were then 
immersed in distilled water for 15 min and stained with a 1 % eosin solution for 2 min before washing with distilled water. The slices 
were then hydrated with absolute ethanol and sealed with neutral resin. Images were captured using an Inverted Olympus microscope. 
Renal injury was scored according to the modified 0–5 Jablonski scale: 0, normal cells; 1, individual cell degeneration and necrosis; 2, 
cell degeneration and necrosis of one kidney tubule; 3, cell degeneration and necrosis adjacent to the proximal convoluted tubule with 
surviving cells surrounding the tubule; 4, necrosis limited to one-third of the distal convoluted tubule and one necrosis band extended 
to the inner cortex; and 5, cell necrosis in all segments of the proximal convoluted tubule [20]. 

2.5. Masson’s staining 

Deparaffinized slices were stained with Weigert’s iron hematoxylin solution for 5 min and differentiated with acetic alcohol before 
washing under running water. The slices were stained with Ponceau solution for 5 min, followed by treatment with phosphomolybdic 
acid for 3 min, and toluidine blue O for 5 min. Before dehydration and sealing, the slices were immersed in 1 % glacial acetic acid for 1 
min. The sections were observed under a microscope. 

2.6. TdT-mediated dUTP nick end labeling(TUNEL) staining 

The kidney slices were incubated with 50 μL of 0.1 % Triton X-100 at room temperature for 8 min and then washed in PBS, before 
antigen retrieval with citric acid-sodium citrate solution. Next, slices were incubated with 50 μL TUNEL solution at 37 ◦C for 60 min 
and then incubated with goat serum for 30 min. Then, CD31 primary antibody (1:200, ab9498, Abcam, Cambridge, UK) was incubated 
with the slices overnight at 4 ◦C, followed by incubation with the secondary antibody (1:200, ab150088, Abcam) at room temperature 
for 60 min. The excess antibody was washed away, and the slices were stained with DAPI (20 mg/mL, D9542, Sigma, Germany), after 
which the antifade mounting medium was added for cell counting under a microscope. 

2.7. Cell culture and transfection 

HK-2 cells retain the well-differentiated phenotype and functional properties of proximal renal tubular epithelial cells and were 
used to establish a hypoxia-reoxygenation model that mimics the process of renal ischemia-reperfusion injury. Human proximal 
tubular cells (HK-2), purchased from Shanghai Cell Bank of Chinese Academy of Sciences, were cultured in RPMI1640 (72400120, 
Gibco, New York, USA) with 10 % FBS (16140071, Gibco) at 37 ◦C in an incubator supplemented with 5 % CO2. 

Plasmids with GAS5 overexpression (OE-GAS5), GAS5 inhibition (sh-GAS5), TAF1 overexpression (OE-TAF1), TAF1 inhibition (sh- 
TAF1), APRT overexpression (OE-APRT), and APRT inhibition (sh-APRT) and negative controls for overexpression (OE-NC) and 
knockdown (sh-NC) were purchased from GeneChem (Shanghai, China). siRNA (50 nM) was transfected using Lipofectamine 3000 
(Invitrogen, Carlsbad, CA, USA), according to the manufacturer’s instructions. One day before cell transfection, cells were seeded in a 
60 mm dish at 3.0 × 105 cells/dish and cultured for 24 h, after which 3 μg plasmid, Lipofectamine 2000 (11668019, Invitrogen, 
California, USA), and Opti-MEM I (31985062, Gibco, New York, USA) Reduced-Serum Medium were added for cell culture. Next, 8 ng/ 
mL polybrene (TR-1003, Sigma-Aldrich, St. Louis, MO, USA) was added, and cells were cultured for 48 h. 

2.8. Chromatin immunoprecipitation (ChIP) 

The ChIP procedure includes cell preparation and fixation, ultrasonic chromatin fragmentation, protein and DNA complex 
immunoprecipitation, elution, crosslinking reversal, and DNA purification and identification. A ChIP kit (Millipore, Billerica, MA, 
USA) was used according to the manufacturer’s instructions to verify the interaction of TAF1 with the APRT promoter. DNA and 
protein crosslinking was verified using formaldehyde, which was also used for fixation. The DNA segments extracted from ES-2 cells 
were cut into 200–1000 bp pieces using ultrasound and incubated with TAF1 (1:100, ab10490, Abcam, Cambridge, UK) or IgG 
antibody. DNA segments were analyzed using Real-time polymerase chain reaction (qRT-PCR). 

2.9. RNA-binding protein immunoprecipitation (RIP) 

Cells were collected, and nuclei were isolated and precipitated. The chromatin was fragmented, and the RNA-binding protein (RBP) 
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and bound RNA were used for immunoprecipitation. The unbound material was washed away, and the bound RNA on the immu-
noprecipitated RBP was purified. The RNA was reverse-transcribed into cDNA and analyzed. The Millipore EZ-Magna RIP RNA kit 
(Millipore, USA) was used for RIP analysis. ES-2 cells were pre-dissolved in RNase-free RIPA cell lysis buffer (Beyotime). Protein A/G 
MagBeads were precleaned and incubated with TAF1 antibody (1:100, ab10490, Abcam, Cambridge, UK). Protein A/G MagBeads were 
incubated overnight with the supernatant, the total RNA was extracted, and the lncRNA FAM225B enrichment was detected by qRT- 
PCR. 

2.10. RNA pull-down 

Equilibrium solution (500 μL) was added to the adsorption column by centrifugation. The single target DNA band was cut from the 
agarose gel, added to an equal volume of solution, and dissolved in a 50 ◦C water bath for 10 min. The solution was added to the 
adsorption column for centrifugation, the waste liquid was removed, 600 μL of rinse solution was added to the adsorption column, and 
the adsorption column was added to the collection tube. The adsorption column CB2 was placed in a new centrifuge tube, 30 μL of 
elution buffer EB was added to the middle of the adsorption membrane, and the DNA was collected after centrifugation. The Pierce™ 
Magnetic RNA-Protein Pull-Down Kit (Thermo Fisher, USA) was used according to the manufacturer’s instructions. Biotin-labeled 
lncRNA GAS5, antisense lncRNA GAS5, and RNA for negative control probes were synthesized by GenePharma (www.genepharma. 
com). The labeled probes that were bound to streptavidin-coated MagBeads were incubated with lysed HK-2 cells. The RNA- 
protein complex was eluted and separated by SDS-PAGE for the detection of TAF1 expression by western blotting. 

2.11. RT-qPCR 

Cells in 6 well plates or 100 mg of renal tissue were dissolved in 1 mL Trizol (Thermo Fisher Scientific, MA, USA) and mechanically 
homogenized. After centrifugation, 200 μL of precooled chloroform was added to the supernatant. After centrifugation, isopropanol 
was added to the supernatant, followed by centrifugation and ethanol precipitation. Finally, purified water was added to dissolve the 
pellet of extracted total RNA. M-MLV reverse transcriptase (D7160L; Beyotime, Shanghai, China) and random primers were used for 
cDNA synthesis. The reaction system was set up according to the Premix Ex TaqII kit (Takara, Dalian, China) instructions. RT-PCR was 
performed using the ABI7500 quantitative PCR system (Applied Biosystems, Shanghai, China), with actin as an internal control for 
lncRNA and mRNA. Data were analyzed using the 2− ΔΔCt method [21]: ΔΔCt = [Ct(target gene)-Ct(internal control)]experimental group-[Ct(target 

gene)-Ct(internal control)]control group. The primer sequences are listed in Table 1. 

2.12. Western blotting 

Cells or tissues were lysed, and the total protein concentration was determined using the BCA detection kit (23227, Thermo Fisher 
Scientific, USA). The proteins were diluted with 5 × loading buffer, the 12 % separation gel was prepared and electrophoresed for 90 
min, and proteins were transferred to the membrane for 2 h. Proteins on the membranes were incubated with PBS blocking buffer 
containing 5 % (w/v) milk powder for 1 h. Next, membranes were incubated overnight at 4 ◦C with the following primary antibodies: 
TAF1 (1:300, 50702, Invitrogen, New York, USA), APRT (1:500, ab196558, Cambridge, UK), Bax (1:300, ab32503, Cambridge, UK), 
Bcl-2 (1:300, ab32124 Cambridge, UK), type I collagen (1:300, ab281974, Cambridge, UK), type IV collagen (1:300, PA5-84585, 
Invitrogen, New York, USA), LC3-II/LC3-I (1:300, ab192890, Cambridge, UK), p62 (1:300, ab280086, Cambridge, UK), Beclin-1 
(1:300, ab210498, Cambridge, UK), and GAPDH (1:500, ab9485, Cambridge, UK). After washing away the excess antibodies, the 
membranes were incubated with a secondary antibody (1:500, ab114610, Abcam, Cambridge, UK) at room temperature for 1 h. 
Images were captured using a Bio-Rad Imaging System. 

2.13. Transcriptome sequencing 

The RNA concentration and purity were determined using the Nanodrop2000, the RNA integrity was determined by electropho-
resis, and RNA integrity numbers (RIN) were determined using the Agilent2100. Transcriptome sequencing was performed on an 
Illumina platform to capture the complete mRNA sequence, which typically has an average length of several kilobases. To achieve this, 

Table 1 
Primer sequences for reverse transcription polymerase chain reaction.  

Name of primer Sequences (5′-3′) 

GAS5-F GCTAAGGACTCATGAGGAAGCT 
GAS5-R TATTTGGCAAATCTTCTGTTCAAG 
TAF1-F TGGGAAGATGATATCATCTGGG 
TAF1-R TCCAATGTAGCTGTAAAACCTTG 
APRT-F ATCGACTACATCGCAGGTCTG 
APRT-R GCCTTCCCATACTCTAGAGAATAG 
ACTIN-F CGTTGACATCCGTAAAGACCTC 
ACTIN-R TAGGAGCCAGGGCAGTAATCT 

F: Forward primer; R: Reverse primer. 
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mRNA was fragmented using a fragmentation buffer under specific conditions, which generated small fragments of approximately 300 
bp. One-stranded cDNA was synthesized from the mRNA using nonspecific primers and reverse transcriptase. Subsequently, the one- 
stranded cDNA was used as a template to generate two strands. The sticky ends of the cDNA were then flattened by adding End Repair 
Mix, and an A base was added to the 3’ end. After adapter ligation, the resulting products underwent initial screening and fragment 
selection. The sorted products were amplified using PCR to obtain the final library, which underwent sequencing using the Illumina 
HiSeq Xten/NovaSeq6000 system. Finally, transcriptome sequencing of the corresponding samples was performed using the Illumina 
system. 

2.14. Bioinformatic analysis 

Quality control analysis of raw sequencing data was performed using SeqPrep software (https://github.com/jstjohn/SeqPrep). 
After achieving quality control, high-quality sequencing data were obtained and compared with the genome in the database using 
TopHat2 (http://ccb.jhu.edu/software/tophat/index.shtml), followed by another round of quality control. Gene expression was 
quantified using RSEM software (http://deweylab.github.io/RSEM/) [22]. The number of sequences in the genomic region was 
determined, and differentially expressed genes (DEGs) between different samples were compared to evaluate the magnitude of gene 
expression differences. The screening threshold for identifying genes with statistically different expression between samples was set as 
|log2FC| ≥0 and a P-value <0.05. The functions of these DEGs were further explored using the Gene Ontology (GO) database (http:// 
www.geneontology.org/). GO is a comprehensive database that summarizes the results of gene studies, defines and describes protein 
functions and genes, and classifies genes. GO enrichment analysis of DEGs was performed using GOATOOLS software [5]. The Kyoto 
Encyclopedia of Genes and Genomes (KEGG) (http://www.genome.jp/kegg/) is a knowledge base for systematically analyzing gene 

Fig. 1. Analysis of differentially expressed genes. (A) Venn diagram. Green indicates 546 specifically expressed genes in the CIH group, red indicates 
539 specifically expressed genes in the control group, and the overlapping green and red indicates 13,083 co-expressed genes. (B) Volcano plot of 
expression differences. The volcano map is drawn according to the expression of genes, the abscissa is the fold change of gene expression between 
different groups, and the ordinate is the P-value of differential gene expression between groups. Gray indicates genes with no statistically significant 
difference, red indicates genes with significantly increased expression, and green indicates genes with significantly decreased expression (the closer 
to the sides and above). (C) Cluster heatmap. (D): APRT expression was significantly decreased in the CIH group. (E)TAF1 expression was signif-
icantly increased in the CIH group. Each row in the graph represents a gene, each column represents a sample, the left side is the gene cluster 
dendrogram, and below the cluster heatmap is each sample name. *P < 0.05. 
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function and exploring genomic relevance and functional information. DEGs were further analyzed using KEGG. 

2.15. Statistical analysis 

Unless otherwise stated, all experiments were performed in triplicate. Data were analyzed using SPSS (version 18.0; IBM Corp., 
Armonk, New York, USA) and GraphPad Prism (version 8.0; GraphPad Software Inc.). Measurement data are expressed as mean ±
standard deviation. A two-tailed paired Student’s t-test was used for comparisons between two groups, and one-way analysis of 
variance with a Tukey’s post hoc test was used for multiple comparisons. Statistical significance was set at P-values <0.05. 

3. Results 

3.1. Analysis of differentially expressed genes (DEGs) 

Venn analysis was used to determine the expression of genes in the different sample groups. The Venn diagram showed the co- 

Fig. 2. GO enrichment analysis of differentially expressed genes. (A) GO classification diagram. The abscissa indicates the number of genes with a 
given function, the ordinate indicates the gene function name, and orange, blue, and green indicate biological process, molecular function, and cell 
component classifications, respectively. (B) Molecular function enrichment results of differential genes. (C) Biological process enrichment analysis 
results of differential genes; (D) Cell component enrichment analysis results of differential genes. (E) Molecular function, (F) biological process, (G) 
cell component enrichment analysis of 2379 DEGs. Genes with P < 0.05 are considered significantly enriched. 
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expressed and specifically expressed genes in different groups. The analysis found 13,083 co-expressed genes in the SD + CIH and 
control groups, 546 specifically expressed genes in the CIH group, and 539 specifically expressed genes in the control group (Fig. 1A). 
Differential expression analysis was used to identify DEGs in different kidney samples. Based on the quantitative expression results, 
2379 DEGs were identified in the CIH and control groups, of which 1239 genes were upregulated in the CIH group and 1140 genes were 
downregulated in the CIH group (Fig. 1B). The cluster heatmap was drawn using the DEG information, and the results indicated that 
the trend of gene expression in CIH group was close, and the trend of gene expression in control group was close (Fig. 1C). Among 
them, APRT expression was significantly decreased in the CIH group (Fig. 1D) and TAF1 expression was significantly increased in the 
CIH group(Fig. 1E). 

Fig. 3. GOplot and emapplot analyses of differentially expressed genes. GOplot of (A) molecular functions, (B) biological processes, and (C) cell 
components. emapplot of (D) molecular functions, (E) biological processes, and (F) cell components. 
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3.2. GO enrichment analysis of DEGs 

GO enrichment analysis of DEGs between the CIH and control groups (Fig. 2A) classified and analyzed the functions of DEGs and 
recorded the function names that were repeated. GO enrichment analysis was divided into cell components, molecular functions, and 
biological processes, including the top ten secondary classifications. According to GO enrichment analysis, rRNA binding ranked 
second in molecular function (Fig. 2B); rRNA metabolic process and rRNA processing ranked second and third in biological processes 
(Fig. 2C), respectively; and ribosomes ranked first in cell components (Fig. 2D), indicating that RNA is significantly involved in the 
biological process of CIH-mediated kidney injury. The intersection analysis of the Venn plot showed 1239 upregulated genes and 1140 
downregulated genes shared by CIH. These 2379 DEGs were possible determining factors for the status of function. GO enrichment 
analysis indicated that the DEGs mapped to molecular function-related GO terms, such as mRNA-binding and rRNA-binding (Fig. 2E); 
biological process-related GO terms, such as ncRNA metabolic process and ncRNA processing (Fig. 2F); and cell component-related GO 
terms, such as cytosolic large ribosomal subunits and ribosomes (Fig. 2G). 

3.3. GOplot and emapplot analyses of DEGs 

Functional enrichment mapping of the GO enrichment results was performed using GOplot. GOplot suggested that RNA binding is 

Fig. 4. KEGG enrichment analysis of differentially expressed genes. (A) Plot of KEGG enrichment analysis of differentially expressed genes (DEGs); 
(B) KEGG enrichment analysis of DEGs, where pathway signals with P-values <0.05 were considered to be significantly enriched; (C) emapplot of 
KEGG; (D) TAP1 function and signaling pathway (by bioinformatics). 
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one of the main molecular functions of DEGs (molecular function GOplot; Fig. 3A), all biological processes were focused on ncRNA 
metabolic processes and ncRNA processing (biological process GOplot; Fig. 3B), and the cytosol is the main mediator (cell component 
GOplot; Fig. 3C). The emapplot enrichment map organizes enriched terms into a network that connects overlapping gene sets, which 
tend to cluster together, allowing the identification of functional modules. The GO enrichment results underwent emapplot mapping. 
The molecular function emapplot suggested that the main gene set had ribonucleoprotein complex binding, rRNA binding, threonine- 
type endopeptidase activity, structural constituent of ribosome, translation regulator activity, mRNA binding, proton transmembrane 
transporter activity, NADH dehydrogenase activity, NADH dehydrogenase activity, and electron transfer activity (Fig. 3D). Biological 
process emapplott suggested that the main gene functions were more involved than the RNA, including ncRNA metabolic processes, 
ncRNA processing, rRNA metabolic processes, and rRNA processing (Fig. 3E). The cell component emapplot suggested that the main 
gene functions were more involved than the polysome (Fig. 3F). 

3.4. KEGG enrichment analysis of DEGs 

KEGG enrichment analysis of the DEGs in the CIH and control groups revealed that the ribosomal pathway was the most enriched 
(Fig. 4A). These DEGs were possible determining factors for the status of KEGG signaling pathways. KEGG enrichment results indicated 
that the DEGs mapped to reactive oxygen species, while CIH was a ROS activator (Fig. 4B). The emapplot mapping of the KEGG 
enrichment results suggested that more major pathways were involved than ROS (Fig. 4C). KEGG enrichment results suggested that the 
target gene, TAF1, was a basal transcription factor. TAF1, an important subunit of TFIID, recognizes the double acetylated lysine tail of 
histone H4 through its tandem bromodomain domain and binds to its core promoter sequence to initiate transcription (Fig. 4D). 

3.5. GAS5 inhibition or APRT overexpression attenuates CIH-induced renal dysfunction and morphological injury 

The interaction between these two factors in CIH-induced renal injury remains unknown. GAS5 and APRT-associated plasmids 
were injected into rats, and the measurements showed that compared with the sham group, the expression of GAS5 in the kidney 
tissues of the sh-GAS5 group was suppressed, while the APRT expression in the OE-APRT group was elevated (Fig. 5A and B), indicating 
successful cell transfection. 

Fig. 5. GAS5 inhibition or APRT overexpression attenuates CIH-induced renal injury. Rats were induced for CIH modeling, and the renal function 
and morphology were assessed. RT-qPCR (A) and western blotting (B) detected the expression levels of GAS5 and APRT in kidney tissues, indicating 
successful cell transfection. Full, non-adjusted images proved in the supplementary material. The sh-GAS5 and OE-APRT groups had substantially 
decreased serum levels of BUN (C) and creatinine (D). H&E staining revealed morphological changes in CIH-induced rats (E). The renal injury was 
scored on the Jablonski scale (F). (N = 6) *, compared with sham group, P < 0.05; **, compared with sham group, P < 0.01; #, compared with CIH 
group, P < 0.05; ##, compared with CIH group, P < 0.01. CIH, chronic intermittent hypoxia; GAS5: growth arrest-specific transcript 5; APRT: 
recombinant adenine phosphoribosyl transferase. 
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The CIH model was established following rat induction, and renal function was assessed by measuring the serum expression levels 
of BUN and creatinine. The results showed that, compared with rats in the sham group, rats in the CIH group had elevated serum levels 
of BUN and creatinine, while rats in the sh-GAS5 or OE-APRT groups had substantially decreased levels of BUN and creatinine (Fig. 5C 
and D). Renal injury was also assessed using H&E staining and a 0–5 Jablonski scale (Fig. 5F). Morphological observations showed that 
rats in the sham group had normally structured glomeruli and tubules, whereas in the CIH group, the glomeruli were atrophied or 
necrotic, and the tubules had a thickened basilar membrane with inflammatory cell infiltration (Fig. 5E). H&E staining in the sh-GAS5 
and OE-APRT groups showed that the morphology of the glomeruli and tubules was attenuated compared to that in the CIH group 
(Fig. 5E). These results demonstrated that GAS5 inhibition or APRT overexpression in rats can protect against renal dysfunction and 
attenuate CIH-induced renal injury. 

Fig. 6. Attenuation of GAS5 suppression or APRT overexpression in CIH-induced renal tubule cell apoptosis and fibrosis. TUNEL staining to detect 
apoptosis of renal tubular epithelial cells (red, CD31-positive cells; green, TUNEL-positive cells) shows an increased apoptosis rate in the CIH group 
(A). The expression levels of apoptosis-related proteins (Bcl-2 and Bax) are detected by western blotting.Full, non-adjusted images proved in the 
supplementary material. (B). Renal fibrosis is assessed by Masson’s staining (C). The expressions of renal fibrosis-related proteins (collagen I and IV) 
are detected by western blotting. full, non-adjusted images proved in the supplementary material. (D). The collagen expression in kidney tissues is 
enhanced in the CIH group (N = 6). *, compared with sham group, P < 0.05; **, compared with sham group, P < 0.01; #, compared with CIH group, 
P < 0.05; ##, compared with CIH group, P < 0.01. CIH, chronic intermittent hypoxia; GAS5: growth arrest-specific transcript 5; APRT: recombinant 
adenine phosphoribosyl transferase. 
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3.6. GAS5 inhibition or APRT overexpression can ameliorate CIH-induced renal tubular epithelial apoptosis and fibrosis 

The effects of GAS5 and APRT on CIH-induced apoptosis were determined using TUNEL staining. The apoptosis rate in rats in the 
CIH group was higher than that in the sham group, whereas fewer apoptotic cells were found in the sh-GAS5 and OE-APRT groups than 
in the CIH group (Fig. 6A). Western blot analysis of apoptosis-related proteins demonstrated that rats in the CIH group had decreased 
Bcl-2 expression and elevated Bax expression compared to the sham group. Meanwhile, compared to the CIH group, Bcl-2 was elevated 
and Bax was suppressed in the sh-GAS5 and OE-APRT groups (Fig. 6B). 

Renal fibrosis in each group was assessed by Masson’s staining and western blotting. Masson’s staining showed that the collagen 
expression in kidney tissues was enhanced in the CIH group (vs. sham group) but attenuated in the sh-GAS5 and OE-APRT groups (vs. 
CIH group) (Fig. 6C). Western blot analysis showed elevated expression of collagen I and IV in the CIH group (vs. sham group), but the 
expression of collagen I and IV in the sh-GAS5 and OE-APRT groups was lower than that in the CIH group (Fig. 6D). Taken together, the 
inhibition of GAS5 or overexpression of APRT can attenuate CIH-induced cell apoptosis and renal fibrosis. 

3.7. GAS5 inhibition or APRT overexpression suppresses CIH-induced oxidative stress and promotes cell autophagy 

To determine how CIH induces apoptosis, we measured the expression of oxidative stress-related factors in renal tissues, including 
MDA, SOD, GSH-px, and the GSH/GSSG ratio. The measurements showed that the CIH group had elevated MDA expression and 
decreased SOD and GSH-px activities, as well as a reduced GSH/GSSG ratio, when compared with those of the sham group. Different 
expression patterns were found in the sh-GAS5 and OE-APRT groups when compared with those in the CIH group (Fig. 7A). 

In the event of cell injury, autophagy may be triggered to protect cells. Therefore, we also measured alterations in cell autophagy. 
Western blot analysis of autophagy-related proteins showed that the CIH group had an elevated LC3-II/LC3-I ratio and p62 expression 
and no significant change in Beclin-1 expression when compared with those of the sham group. Compared with the CIH group, the sh- 
GAS5 and OE-APRT groups had substantially elevated LC3-II/LC3-I ratios and Beclin-1 expression, as well as decreased p62 expression 
(Fig. 7B). These results show that inhibition of GAS5 or APRT overexpression can attenuate CIH-induced cell injury by suppressing 
oxidative stress and increasing cell autophagy. 

3.8. GAS5 binds TAF1 to suppress APRT expression 

The expression levels of GAS5 and APRT in the renal tissue were detected. Compared with the sham group, the sh-GAS5 group had 
elevated APRT expression (Fig. 8A and B), but the GAS5 expression between the sham and OE-APRT groups showed no significant 
difference (P > 0.05). Therefore, we speculated that GAS5 may be located upstream of APRT and regulate APRT expression. 

We further measured the expression of TAF1 in renal tissues and found that compared to the sham group, the expression of TAF1 in 
renal tissue in the CIH group was substantially elevated (Fig. 8C and D). 

The RNA pull-down assay was used to collect proteins that can bind GAS5 in HK-2 cells, and the expression of TAF1 was detected by 
western blotting. The results showed that TAF1 binds to GAS5 (Fig. 8E). RIP analysis showed that GAS5 directly interacted with TAF1 
in ES-2 cells (Fig. 8F). ChIP revealed an enriched APRT promoter in the complex pulled down by the TAF1 antibody (Fig. 8G), 

Fig. 7. CIH-induced oxidative stress is decreased and autophagy is increased by GAS5 inhibition or APRT overexpression. The expressions of 
oxidative stress-related factors in renal tissues, including MDA, SOD, GSH-px, and the GSH/GSSG ratio were determined by a detection kit, and the 
oxidative stress was increased in the CIH group (A); The expression levels of cell autophagy-related proteins, LC3-II/LC3-I ratio, p62, and Beclin-1, 
are detected by western blotting. Autophagy is increased in the CIH group. Full, non-adjusted images proved in the supplementary material (B). (N 
= 6) *P < 0.05, **P < 0.01. CIH, chronic intermittent hypoxia; GAS5: growth arrest-specific transcript 5; APRT: recombinant adenine phosphor-
ibosyl transferase. 
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indicating that TAF1 is an APRT promoter. 
To verify the role of GAS5 and TAF1 in APRT expression, we measured APRT expression after cell transfection in HK-2 cells (Fig. 8H 

and I). RT-qPCR and western blotting showed that compared with the OE-NC group, the OE-GAS5 and OE-TAF1 groups had decreased 
APRT expression, while compared with the sh-NC group, APRT expression in the sh-GAS5 and sh-TAF1 groups was elevated (Fig. 8J 
and K). Taken together, lncRNA GAS5 may bind to TAF1 to suppress APRT expression, thus promoting CIH-induced renal injury. 

4. Discussion 

OSAHS is detrimental to renal function [23], and renal hypoxia, endothelial dysfunction, and increased oxidative stress have been 
proposed as possible mechanisms underlying OSAHS-associated renal dysfunction. In our study, sequencing analysis suggested that 

Fig. 8. GAS5 binds TAF1 to suppress APRT transcription. RT-qPCR (A) and western blotting (B) are used to detect the expression of GAS5 and APRT 
in renal tissues. RT-qPCR (C) and western blotting (D) detect the expression of TAF1 in renal tissues. RNA pull-down (E) and RIP (F) detect the 
binding of GAS5 and TAF1. ChIP verifies the binding of TAF1 with the APRT promoter (G). After cell transfection, RT-qPCR (H) and western blotting 
(I) detect the transfection efficiency. RT-qPCR (J) and western blotting (K) detect the APRT expression level. (N = 3) *P < 0.05, **P < 0.01. CIH, 
chronic intermittent hypoxia; GAS5: growth arrest-specific transcript 5; APRT: recombinant adenine phosphoribosyl transferase; TAF1: TATA-box 
binding protein associated factor 1. 
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RNA is deeply involved in the biological process of CIH-mediated kidney injury, TAF1 is significantly increased in the CIH group, APRT 
is significantly reduced in the CIH group, and inhibition of GAS5 expression or APRT overexpression can attenuate CIH-induced renal 
injury. Further mechanistic experiments demonstrated that GAS5 binds to TAF1 to negatively regulate APRT expression. 

Similar to the uncontrolled proliferation of tumor cells, renal fibrosis is characterized by unchecked proliferation of interstitial 
fibroblasts and excessive extracellular matrix (ECM) events [24]. Furthermore, GAS5 is down-regulated in TGF-β-treated renal tubular 
epithelial cells and mediates miR-21/MMP2/9 to attenuate kidney fibrosis [24]. In contrast, GAS5 exacerbates renal tubular epithelial 
fibrosis by binding to miR-96-5p [25]. In addition, different GAS5 expression patterns have been found in mouse models of diabetic 
nephropathy and unilateral ureteric obstruction models [26], which can be explained by the different mechanisms of renal injury. In 
our study, we knocked down GAS5 expression in CIH-induced rat models, in which the renal function and renal tissue morphology 
were attenuated, and the apoptosis, fibrosis, oxidative stress, and autophagy of renal tubular epithelial cells were measured. Taken 
together, these results demonstrate that inhibiting GAS5 expression can attenuate CIH-induced renal injury. The protective effect of 
GAS5 silencing against hypoxia-induced apoptosis and cell viability has been verified in both cardiomyocytes [27] and hippocampal 
neurons [28]. However, high-glucose induced HK-2 cells show inconsistent results, which demonstrates that GAS5 overexpression can 
suppress reactive oxygen species, inflammation, and pyroptosis. lncRNAs improve diabetic nephropathy by changing the miRNA 
expression [29], while consistent results in HK-2 cells have also found that GAS5 knockout attenuates cellular toxicity and apoptosis 
[30]. A study constructed a ceRNA network associated with renal fibrosis and found a target gene of lncRNA GAS5 that may regulate 
renal fibrosis, providing experimental evidence supporting the use of GAS5 targeting to treat renal fibrosis [31]. Another study 
revealed an association between the rs145204276 polymorphism in the lncRNA GAS5 and the risk of developing renal cell carcinoma; 
therefore, GAS5 is a potentially viable biomarker for identifying individuals at risk of developing this form of renal cell carcinoma [32]. 
These controversial results prompted us to explore possible downstream targets of GAS5 in CIH-induced renal injury. 

APRT deficiency is a hereditary purine metabolism disorder that causes CKD, and timely diagnosis and treatment of APRT defi-
ciency can decrease renal complications and preserve kidney function [16]. Our study also showed that APRT overexpression can 
attenuate CIH-induced renal injury. In this study, APRT overexpression mitigated fibrosis, autophagy, oxidative stress, and apoptosis in 
renal tubular epithelial cells. Recently, a case report of renal calculus disease reported APRT deficiency in patients with crystal ne-
phropathy and end-stage renal failure [33]. In our study, we also measured the expression of APRT in cells transfected with sh-GAS5 
and showed that suppression of GAS5 elevates APRT expression, whereas APRT overexpression has no effect on GAS5 expression. In 
addition, LncMAP analysis revealed that GAS5 in papillary renal cell carcinoma can bind to the transcription factor TAF1 to suppress 
APRT transcription. Therefore, we investigated the possible mechanism of action of GAS5/APRT in CIH-induced renal injury. TAF1 
mediates protein phosphorylation, histone acetylation, and recognition of the acetylated histone tail [34]. Transcription factors (TFs) 
are a group of proteins responsible for multiple cellular processes, and their deregulation is associated with disease progression [35]. 
TAF1 is a co-activator of androgen receptors that is associated with prostate cancer progression [36]. In this study, KEGG enrichment 
analysis of DEGs suggested that TAF1 is a basal TF. TAF1, as an important subunit of TFIID, recognizes double-acetylated histone H4 
through its tandem bromodomain domain and binds to the core promoter sequence to initiate transcription. To our knowledge, this is 
the first study to identify the role of TAF1 in CIH-induced renal injury. Further experiments showed that GAS5 can bind to TAF1 to 
negatively mediate APRT expression. In summary, lncRNA GAS5 inhibits APRT transcription by binding TAF1 to promote the renal 
injury caused by chronic intermittent hypoxia, and GAS5 and APRT are potential therapeutic targets for renal injury. This research did 
not involve clinical studies and therefore had some confounding factors. However, some details should be noted, such as maintaining 
the standardization of each operation step to reduce errors and the occurrence of confounding factors. 

5. Conclusion 

This study revealed the role of GAS5 and APRT in CIH-induced renal injury. In vivo, inhibition of GAS5 expression and elevation of 
APRT expression can alleviate renal injury in rats, such as atrophy or necrosis of the glomerulus and thickening of the tubular basilar 
membrane with inflammatory cell infiltration. In vitro inhibition of GAS5 expression elevates APRT expression and attenuates CIH- 
induced cell fibrosis, autophagy, and oxidative stress in renal tubular epithelial cells by binding to TAF1. GAS5 and APRT are po-
tential therapeutic targets for renal injury; however, more evidence and data are required before the function of GAS5 in the regulation 
of renal injury is fully understood. 
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