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Abstract 21 

Background: Diabetic retinopathy (DR), a severe complication of diabetes mellitus (DM), is a 22 

global social and economic burden. However, the pathological mechanisms mediating DR are not 23 

well-understood. This study aimed to identify differentially methylated and differentially expressed 24 

hub genes (DMGs and DEGs, respectively) and associated signaling pathways, and to evaluate 25 

immune cell infiltration involved in DR.  26 

Methods: Two publicly available datasets were downloaded from the Gene Expression Omnibus 27 

database. Transcriptome and epigenome microarray data and multi-component weighted gene co-28 

expression network analysis (WGCNA) were utilized to determine hub genes within DR. One dataset 29 

was utilized to screen DEGs and to further explore their potential biological functions using 30 

functional annotation analysis. A protein-protein interaction network was constructed. Gene set 31 

enrichment and variation analyses (GSVA and GSEA, respectively) were utilized to identify the 32 

potential mechanisms mediating the function of hub genes in DR. Infiltrating immune cells were 33 

evaluated in one dataset using CIBERSORT. The Connectivity Map (CMap) database was used to 34 

predict potential therapeutic agents. 35 

Results: In total, 673 DEGs (151 upregulated and 522 downregulated genes) were detected. Gene 36 

expression was significantly enriched in the extracellular matrix and sensory organ development, 37 

extracellular matrix organization, and glial cell differentiation pathways. Through WGCNA, one 38 

module was found to be significantly related with DR (r=0.34, P=0.002), and 979 hub genes were 39 

identified. By comparing DMGs, DEGs, and genes in WGCNA, we identified eight hub genes in DR 40 

(AKAP13, BOC, ACSS1, ARNT2, TGFB2, LHFPL2, GFPT2, TNFRSF1A), which were significantly 41 

enriched in critical pathways involving coagulation, angiogenesis, TGF-β, and TNF-α-NF-κB 42 

signaling via GSVA and GSEA. Immune cell infiltration analysis revealed that activated natural 43 
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killer cells, M0 macrophages, resting mast cells, and CD8+ T cells may be involved in DR. ARNT2, 44 

TGFB2, LHFPL2, and AKAP13 expression were correlated with immune cell processes, and ZG-10, 45 

JNK-9L, chromomycin-a3, and calyculin were identified as potential drugs against DR. Finally, 46 

TNFRSF1A, GFPT2, and LHFPL2 expression levels were consistent with the bioinformatic analysis. 47 

Conclusions: Our results are informative with respect to correlations between differentially 48 

methylated and expressed hub genes and immune cell infiltration in DR, providing new insight 49 

towards DR drug development and treatment.  50 

Keywords: diabetic retinopathy; immune cell infiltration; epigenome; transcriptome; WGCNA; hub 51 

genes 52 

 53 
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Introduction 63 

Diabetic retinopathy (DR) is a severe microvascular complication of diabetes mellitus (DM) and is 64 

one of the leading causes of blindness in the working-age population in developed countries [1]. The 65 

number of patients with DR is estimated to rise to 191 million by 2030 [2]. Patients with DR may 66 

experience vision loss and irreversible blindness, which poses a heavy health and socioeconomic 67 

burden [3]. However, the mechanisms mediating DR are still unknown. Therefore, investigating the 68 

molecular mechanisms behind the pathogenesis of DR is necessary. 69 

Genetic and environmental risk factors both contribute to the etiology of DR. Gene expression 70 

patterns are controlled by epigenetic changes, especially DNA methylation. DNA methylation plays a 71 

critical role in increasing the pathogenicity of DR by changing gene expression [4]. 72 

Hypermethylation is related to the suppression of gene expression, whereas hypomethylation 73 

promotes gene transcription [3]. Agardh et al. [5] analyzed DNA methylation and concluded that 74 

differential DNA methylation predicts proliferative DR (PDR) in a prospective cohort. Another study 75 

reported that the progression of DR was regulated by DNA methylation via affecting metabolic 76 

memory processes [6]. Therefore, altered DNA methylation in different genes ultimately leads to the 77 

development of DR.  78 

Immune dysregulation has become increasingly recognized as a principal factor in the 79 

pathophysiology of DR [7]. Increasing numbers of macrophages, CD4+ T cells, and B cells are 80 

observed in the vitreous of patients with DR [8-10]. CD4+ T cells are recruited to the vessel wall 81 

alongside macrophages that are involved in inflammation and the acceleration of vascular injury 82 

processes [11]. A prior study indicated that CD4+ T cell dysregulation is implicated in the 83 

inflammatory response within DM [12]. Bhutto et al. [13] reported that abnormalities in retinal glial 84 
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cells trigger infiltration in immune cells, which release multiple soluble factors associated with 85 

pathologic retinal remodeling, thus likely contributing to retinal degeneration.  86 

Bioinformatics is an interdisciplinary subject which combines molecular biology and information 87 

technology. It is important to identify the molecular mechanisms underlying diseases; thus, we 88 

performed epigenomic and transcriptomic analyses using publicly available datasets and utilized 89 

multi-component weighted gene co-expression network analysis (WCGNA) to determine the hub 90 

genes mediating DR. Infiltrating immune cells prevalent in DR were evaluated using CIBERSORT. 91 

We intended to identify correlations between hub genes and immune infiltration and to explore 92 

pathways providing new insights into the molecular pathogenesis of DR.  93 

 94 

Methods 95 

Identifying differentially expressed and differentially methylated genes 96 

Two publicly available datasets (GSE160306 and GSE57362) were downloaded from the Gene 97 

Expression Omnibus database. GSE160306 contains transcriptome data from 76 samples, including 98 

20 healthy controls and 56 patients with DR. The DR samples were further categorized into non-DR 99 

(n = 20), non-PDR (n = 31), and PDR (n = 5) groups. The “limma” R package was used to identify 100 

differentially expressed genes (DEGs), with P < 0.05 and |log(fold change; FC)| > 0.585 set as the 101 

threshold for statistical significance. The GSE57362 dataset provided methylation data for 8 DR 102 

samples and 32 controls. The “ChAMP” R package was used to analyze differentially methylated 103 

genes (DMGs), with P < 0.05 and |logFC| > 0.3 as the selection criteria. Both datasets were used to 104 

identify methylated hub genes. We identified DR-related DMGs, including hypermethylated 105 

downregulated genes and hypomethylated upregulated genes. 106 
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Construction of the WGCNA 107 

WGCNA is an analytical method for evaluating correlations between genes and classifying highly 108 

correlated genes into modules. The “WGCNA” package in R was utilized to construct a co-109 

expression network for DEGs in the GSE160306 dataset. First, a similarity matrix was built by 110 

calculating correlations among all genes. Second, correlations were ranked by variance size and the 111 

first 10,000 genes were screened for further analysis. A soft-thresholding power of β = 3 was 112 

selected. Next, the adjacency was transformed into a topological overlap matrix (TOM) measuring 113 

network connectivity. Hierarchical clustering was utilized to create the clustering tree structure for 114 

the TOM. Diverse branches of the cluster tree represent diverse gene modules, and different modules 115 

were noted with different colors. Gene information for each module was extracted for further 116 

analysis. 117 

Identifying modules and genes 118 

To estimate the statistical significance of the modules, correlations between genes and sample traits 119 

were calculated as gene significance. Module eigengenes, defined as associations between genes and 120 

a module, were calculated. Gene significance was defined as the connection between clinical traits 121 

and genes. Statistically significant connection modules were regarded as hub modules. In the 122 

WGCNA, modules with the highest module significance scores were defined as the key modules and 123 

adopted for further analysis.  124 

Enrichment analysis  125 

The Metascape database [14] was used for Gene Ontology (GO) and Kyoto Encyclopedia of Genes 126 

and Genomes (KEGG) analysis for DEGs with a minimum overlap ≥3 and P ≤ 0.01 as the threshold 127 
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for statistical significance. A protein-protein interaction (PPI) network was used to investigate the 128 

novel molecular mechanisms mediating DR pathogenesis. 129 

Evaluating immune cell infiltration 130 

RNA-seq data were analyzed using the CIBERSORT algorithm [15] to deduce the relative 131 

proportions of infiltrating immune cells. The “corrplot” R package was utilized to visualize 132 

correlations between infiltrating immune cells and to analyze the effects of these correlations. Violin 133 

plots were generated to estimate the relative proportions of immune cells and to assess the effect of 134 

genes on immune infiltration. Spearman correlation analysis was utilized to evaluate the expression 135 

of genes and immune cells. Differences were considered statistically significant at P < 0.05. 136 

Gene set variation analysis 137 

Gene set variation analysis (GSVA) is a non-parametric method used to assess pathway activity 138 

variation in each sample by inputting a selected gene set in advance. GSVA is used to compute 139 

enrichment scores for existing gene sets and infer changes at the pathway level from changes at the 140 

gene level, thus informing the sample’s biological function. This approach identifies signaling 141 

pathways that are up- or downregulated in affected samples compared with controls. The current 142 

study downloaded gene sets from MSigDB (version v.7.0) [16]. A matrix of patients × gene sets 143 

containing pathway enrichment scores was obtained through the GSVA method, following which 144 

potential biological functional changes were estimated in different samples. 145 

Gene set enrichment analysis 146 

Gene set enrichment analysis (GSEA) is utilized to identify DEGs, comparing high- and low-147 

expression groups [17]. The maximum and minimum gene set sizes were 500 and 15. Gene set 148 
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permutations were performed 1,000 times in each analysis. Significant enrichment was noted at P < 149 

0.05 and false discovery rate < 0.25. 150 

Transcription factor-target gene network analysis 151 

The RcisTarget database was utilized to predict enriched transcription factor-binding motifs and their 152 

downstream genes [18]; Rcistarget.hg19.motifdb.cisbpont.500bp was used for the Gene-motif 153 

rankings database. 154 

CMap analysis  155 

Connectivity Map (CMap) [19], a database for gene expression profiling based on intervening gene 156 

expression, is used to discover functional association between drugs, genes, and diseases. To 157 

investigate promising drugs targeting DR, DEGs were separated into up- and downregulated genes. 158 

Drug targets were then predicted for DEGs. 159 

Cell lines and cell cultures 160 

Human retinal endothelial cells (HRECs; BNCC340909) were purchased from the Beijing Beina 161 

Chuanglian Biotechnology Research Institute (Beijing, China). The cells were cultured in Dulbecco’s 162 

modified Eagle’s medium and supplemented with 10% fetal bovine serum, endothelial cell growth 163 

supplements, and 1% penicillin/streptomycin. Cultures were incubated at 37°C in a humidified 164 

atmosphere containing 5% CO2. 165 

HRECs were divided into two groups: 5 mM normal glucose and 25 mM high glucose. HRECs were 166 

cultured in normal or high glucose for 48 h. 167 

RT-qPCR validation of hub genes 168 
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To confirm the results of the bioinformatic analyses, quantitative real-time polymerase chain reaction 169 

(RT-qPCR) was carried out to detect mRNA expression for hub genes. Total RNA was extracted 170 

from HRECs using TRIzol reagent (Thermo Fisher Scientific, Waltham, MA). RNA samples were 171 

reverse-transcribed to cDNA, and qPCR was performed using the Revert Aid First Strand cDNA 172 

Synthesis Kit (Promega, Madison, WI). Primer sets were designed by Genechem Co., Ltd. (Shanghai, 173 

China) (Additional file 1). RT-qPCR was carried out on a Real Time PCR System (Thermo Fisher 174 

Scientific) with SYBR Master Mix (TAKARA, Kusatsu, Japan). ACTB was chosen as the internal 175 

reference. All experiments were independently performed in triplicate. The 2-ΔΔCt method was used to 176 

evaluate the relative expression of each hub gene. Statistical significance was set at P < 0.05. 177 

 178 

Results 179 

Identification of DR-associated DEGs and DMGs 180 

A study flowchart is presented in Figure 1. A total of 673 DEGs were obtained from GSE160306, 181 

including 151 upregulated genes and 522 downregulated genes (Additional file 1). The top 10 182 

upregulated and downregulated DEGs are presented in Figures 2A-2B. A total of 156 183 

hypermethylated genes and 26 hypomethylated genes were identified in the methylation dataset for 184 

GSE114523 (Additional file 2). We identified 0 hypomethylated upregulated genes (Fig. 3A) and 10 185 

hypermethylated downregulated genes (AKAP13, BOC, ACSS1, ARNT2, TGFB2, DDR1, TLR4, 186 

LHFPL2, GFPT2, and TNFRSF1A) using a Venn diagram (Fig. 3B). 187 

GO, KEGG, and PPI analysis 188 

GO and KEGG functional enrichment analysis exhibited that DEGs were chiefly involved in the 189 

extracellular matrix, sensory organ development, extracellular matrix organization, glial cell 190 
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differentiation, the endoplasmic reticulum lumen, positive regulation of cell migration, and skeletal 191 

system development (Fig. 4A). The DEGs affecting DR are likely closely related to these pathways. 192 

We also performed a PPI network analysis of DEGs from the GSE160306 dataset using Cytoscape  193 

[20] (Fig. 4B).  194 

WGCNA: identifying hub modules 195 

WGCNA was utilized to reveal highly related genes and co-expression networks in patients with DR. 196 

The WGCNA algorithm clustered genes into eight co-expression modules on the threshold power of 197 

β = 3 (Figs. 5A and 5B), shown in blue (n = 1,921), brown (n = 1,559), green (n = 499), green-yellow 198 

(n = 979), magenta (n = 128), pink (n = 179), purple (n = 123), and turquoise (n = 4,612) in Figure 199 

5C. Correlations between clinical features and modules were analyzed to determine the most 200 

significant relationship (Fig. 5D). The green-yellow module was determined to be the most 201 

significantly related with DR (r = 0.34, P = 0.00, Fig. 5E). This module was selected for subsequent 202 

validation; the identified genes were crossed with the hypermethylated downregulated genes, and 203 

eight hub genes were identified: AKAP13, BOC, ACSS1, ARNT2, TGFB2, LHFPL2, GFPT2, and 204 

TNFRSF1A (Figs. 5F-5G). 205 

Immune cell infiltration 206 

The immune microenvironment strongly affects disease diagnosis, survival outcomes, and the 207 

response to clinical treatment. Analyzing correlations between hub genes and immune cell infiltration 208 

can highlight mediating molecular mechanisms. Immune infiltration profiles varied substantially 209 

between patients with DR and normal controls in the current study.  210 

The CIBERSORT algorithm was utilized to investigate immune infiltration differences between 20 211 

healthy samples and 56 DR samples in 22 subpopulations of immune cells (Fig. 6A). Figure 6B 212 
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shows the associated correlation heatmap. The DR group contained a higher proportion of activated 213 

natural killer (NK) cells, resting mast cells, M0 macrophages, and CD8+ T cells compared with the 214 

normal group (Fig. 6C). ARNT2, TGFB2, and LHFPL2 were positively correlated with activated NK 215 

cells and negatively correlated with resting mast cells. AKAP13 was positively correlated with M0 216 

macrophages and activated NK cells and negatively correlated with CD8+T cells and resting mast 217 

cells (Fig. 6D). 218 

GSVA and GSEA 219 

To investigate the signaling pathways associated with the eight hub genes, GSVA and GSEA were 220 

performed. Multiple differentially expressed pathways were enriched by GSVA: high expression of 221 

ACSS1 was enriched for coagulation, angiogenesis, and transforming growth factor β (TGF-β) 222 

signaling pathways (Fig. 7A). AKAP13 expression was enriched for coagulation, Notch signaling, 223 

and interferon-alpha response signaling pathways (Fig. 7B). ARNT2 expression was enriched for 224 

inflammation response, bile acid metabolism, and G2/M-checkpoint signaling pathways (Fig. 7C). 225 

BOC expression was enriched for P53, coagulation, and angiogenesis signaling pathways (Fig. 7D). 226 

GFPT2 expression was enriched for tumor necrosis factor α (TNF-α)/nuclear factor-κB (NF-κB) and 227 

TGF-β reactive oxygen species signaling pathways (Fig. 7E). LHFPL2 expression was enriched for 228 

coagulation, TGF-β, and androgen response signaling pathways (Fig. 7F). TGFB2 expression was 229 

enriched for TGF-β, coagulation, and interferon-α-response signaling pathways (Fig. 7G). Finally, 230 

TNFRSF1A expression was enriched for P53, TNF-α/NF-κB, and angiogenesis signaling pathways 231 

(Fig. 7H).  232 

GO and KEGG enrichment analysis were performed via GSEA and revealed significant enrichment 233 

in multiple associated pathways. Some of these significant pathways are highlighted in Figs. 8A-8P. 234 

Gene regulatory networks 235 
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Eight hub genes were found to be modulated by common mechanisms via multiple transcription 236 

factors. An enrichment analysis was performed for these transcription factors using cumulative 237 

recovery curves (Figs. 9A-9B). The results indicate that the motif with the highest standardized 238 

enrichment score (NES:7.42) was annotated as cisbp_M6379. Five genes (AKAP13, ARNT2, 239 

LHFPL2, TGFB2, and TNFRSF1A) were enriched for this motif.  240 

Drug target prediction 241 

We divided DEGs into up- and downregulated genes and made drug-target predictions using the 242 

CMap database. Perturbations in ZG-10, JNK-9L, chromomycin-a3, and calyculin were negatively 243 

correlated with disease, indicating that these drugs could mitigate or reverse disease symptomology 244 

and progression (Figs. 10A-10D). 245 

RT-qPCR results  246 

RT-qPCR was conducted to measure the expression of eight hub genes in HRECs grown in normal 247 

glucose and high glucose (Fig. 11A-11B). TNFRSF1A, GFPT2, and LHFPL2 expression levels in 248 

HRECs grown in high glucose were significantly lower than those from HRECs grown in normal 249 

glucose (P < 0.05) (Figs. 11C-11E). 250 

 251 

Discussion 252 

DR is the main cause of blindness in adults in developed countries [1]. Available treatments, such as 253 

intraocular steroids, laser photocoagulation, anti-vascular epithelial growth factor (VEGF) treatment, 254 

and vitrectomy all focus on late-stage DR; there are no methods for detecting, preventing, and 255 

treating early-stage DR [3]. Despite substantial efforts to define genetic and environmental factors of 256 

DR, the pathogenesis of this disorder remains poorly understood.  257 
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Epigenetic modifications, especially DNA methylation, could be the link between environmental 258 

exposure and the differences in gene expression changes during DR development [21]. We attempted 259 

to identify key differential genes between patients with DR and healthy controls through methylation 260 

analysis, transcriptomic analysis, and WGCNA. Additionally, we investigated immune cell 261 

infiltration in DR using CIBERSORT.  262 

A total of 673 DEGs were identified. GO and KEGG enrichment analyses revealed that these DEGs 263 

were closely related to the extracellular matrix, sensory organ development, extracellular matrix 264 

organization, glial cell differentiation, the endoplasmic reticulum lumen, positive regulation of cell 265 

migration, and skeletal system development pathways. Winkler et al. [22] proved that extracellular 266 

matrix production and angiogenesis participate in DR processes and are regulated by insulin. Glial 267 

cells, seated between the retinal vasculature and neurons, supply structural support and maintain the 268 

complicated homeostasis of the retina. Progressive damage of glial cells in DR can result in 269 

neuroretinal damage and visual impairment [23]. The endoplasmic reticulum is an important 270 

mediator of cellular signal transduction, and disruption of its normal function, such as endoplasmic 271 

reticulum stress, is known to be involved in the development and progression of DR through various 272 

inflammation-associated signaling pathways [24].  273 

By combing transcriptome and methylation datasets and conducting WGCNA analyses, we identified 274 

eight hub genes (AKAP13, BOC, ACSS1, ARNT2, TGFB2, LHFPL2, GFPT2, and TNFRSF1A). 275 

Notably, the expression levels of TNFRSF1A, GFPT2, and LHFPL2 in HRECs treated with high 276 

glucose were significantly decreased compared to HRECs grown in normal glucose.  277 

TNFRSF1A (TNF receptor superfamily member 1A) encodes a member of the TNF receptor 278 

superfamily of proteins. It is widely recognized that the TNF pathway is a key mediator of 279 

inflammation in proliferative vitreoretinopathy, uveitis, and DR [25]. Continued upregulation of 280 
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TNFRSF1A is observed in late-stage retinitis pigmentosa (RP) and other retinal degenerative diseases 281 

(i.e., age-related macular degeneration and DR) [26]. Targeting TNFRSF1A may be a convincing 282 

therapeutic strategy in early-stage photoreceptor degeneration.  283 

GFPT2 (glutamine-fructose-6-phosphate transaminase 2) is widely expressed in the pancreas, liver, 284 

and central nervous system. It is in a region of linkage on chromosome 5q34-5q35.2 and is regarded 285 

as a candidate gene for type 2 DM [27]. GFPT2-mediated high expression of TGF-β1 leads to 286 

endothelial expansion involved in modulating the oxidative pathway in diabetic chronic renal 287 

insufficiency and could be a target for medication [28]. LHFPL2 is expressed in most normal tissues 288 

and cell lines, except neurons and leukocytes. Mutations in LHFPL2 show markedly significant 289 

effects on age of onset in familial Parkinson’s disease [29]. Neurodegeneration is a critical 290 

component of DR, which is viewed as Parkinson’s disease occurring in the eye. The function of 291 

LHFPL2 in DR requires further investigation.  292 

GSVA highlighted three critical pathways associated with the eight identified hub genes: 293 

coagulation, angiogenesis, TGF-β, and TNF-α/NF-κB signaling pathways. Evidence from our study 294 

suggests that these enriched pathways may play important roles in DR, consistent with previous 295 

studies. Hyperglycemia induces a hypercoagulated state, which aggravates pathological conditions 296 

like oxidative stress, inflammation, endothelial dysfunction, and angiogenesis [30]. TGF-β2 has been 297 

confirmed to induce cell apoptosis and blood-retinal barrier (BRB) injury in DR [31]. Moreover, Wu 298 

et al. [32] showed that VEGF-A production in Müller glial and retinal pigment epithelial (RPE) cells 299 

was promoted by stimulation by TGF-β, implying that TGF-β signaling dually controls angiogenesis 300 

and fibrosis. Thus, TGF-β is a crucial candidate to be targeted alone or in combination with anti-301 

VEGF treatment in the long-term treatment of DR. Rat models of DR exhibited a significant increase 302 

in TNF-α and NF-κB expression; Wang et al. [33] demonstrated that niacin treatment decreased 303 

TNF-α and NF-κB expression levels, and decreased apoptosis and BRB breakdown, strongly 304 
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indicating that niacin may be a promising therapeutic agent for treating DR by inhibiting 305 

inflammatory processes. These changes eventually lead to DR progression, and therefore inhibition 306 

of these pathways could serve as potential therapeutic targets. 307 

Immune cell infiltration analyses showed obvious differences in immune cell infiltration between 308 

patients with DR and normal controls. Increased infiltration of resting mast cells, activated NK cells, 309 

CD8+ T cells, and M0 macrophages may be associated with the onset and development of DR. 310 

Previous studies found that innate immune activation was closely related to DR pathogenesis [34]. 311 

As an immune-privileged tissue, the retina is influenced by innate immune activation only when the 312 

BRB is impaired. Activating circulating immune cells may contribute to BRB impairment in early-313 

stage DR [35]. Circulating innate immune cells, including monocytes and neutrophils, are also 314 

activated, resulting in low-level endovascular inflammation characterized by leukostasis. A previous 315 

study found that patients with DR showed a significantly higher proportion of neutrophils and a 316 

lower proportion of circulating CD8+ T cells compared with healthy controls, indicating that DR may 317 

be associated with enhanced innate cellular immunity [36]. The BRB is compromised at late stages of 318 

DR, and activated monocytes, neutrophils, and complement proteins infiltrate into the retina, 319 

elevating the inflammatory damage. Macrophages have been identified in vitreous samples [37] and 320 

have epiretinal membranes [8]. Saxena et al. [38] reported that vitamin D exerts an anti-inflammatory 321 

effect by reducing the proliferation of helper T cells, cytotoxic T cells, and NK cells. This body of 322 

research indicates that infiltrating immune cells are involved in DR and are hence potential 323 

therapeutic targets. 324 

Analyzing correlations between hub genes and immune cells demonstrated that ARNT2, TGFB2, and 325 

LHFPL2 were significantly and positively associated with activated NK cells and negatively related 326 

to resting mast cells. AKAP13 was positively related to M0 macrophages and activated NK cells, but 327 

negatively related to CD8+T cells and resting mast cells. We speculate that ARNT2, TGFB2, and 328 
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LHFPL2 raise activated NK cell levels and reduce resting mast cell levels, and AKAP13 raises 329 

activated NK cell and M0 macrophage levels and reduces CD8+ T cell and resting mast cell levels. 330 

Further research is required to clarify these complex interactions.  331 

This study predicted that ZG-10, JNK-9L, chromomycin-a3, and calyculin might be promising agents 332 

for treating DR. These drugs have not been reported in the management of DR. Further in vitro or in 333 

vivo experiments are needed to verify the effects of these drugs on the biological processes mediating 334 

DR. 335 

Our study has certain limitations. Although previous research results are consistent with our analysis 336 

[39], the CIBERSORT analysis is based on previously published datasets, and the reliability of our 337 

work needs to be validated experimentally. 338 

 339 

Conclusion 340 

We identified eight hub genes and assessed immune cell infiltration associated with DR using 341 

bioinformatic analysis. Further studies are needed to confirm the correlations between the immune 342 

cells, hub genes, and the effects of potential therapeutic drugs. These findings might help us better 343 

understand the molecular mechanisms, therapeutic targets, and efficacious treatments of DR. 344 
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 460 

Figure legends 461 

Fig. 1. Study flowchart 462 

Fig. 2. Identification of differentially expressed genes (DEGs). A) Volcano plot for DEGs in 463 

GSE160306 between patients with diabetic retinopathy and healthy controls. B) The top 10 up- and 464 

downregulated DEGs.  465 
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Fig. 3. Identification of methylated differentially expressed genes. A) Venn diagram showing 0 466 

hypomethylated upregulated genes. B) Venn diagram showing 10 hypermethylated downregulated 467 

genes.  468 

Fig. 4. Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), and protein-469 

protein interaction (PPI) functional annotation analysis. A) Significant enrichment of GO annotations 470 

and KEGG pathways of hub genes in diabetic retinopathy by Metascape. B) PPI network. 471 

Fig. 5. Weighted gene co-expression network analysis (WGCNA). A) Hierarchical clustering tree. B) 472 

Identification of the soft threshold, with 3 as the best fit. C) Cluster dendrogram of genes based on 473 

topological overlap. D) Correlation between gene modules and clinical traits. E) Scatter plot of 474 

module eigengenes in the green-yellow module. F) Eight hub genes between the co-expression 475 

network and the hypermethylated downregulated genes. G) Different expression levels of hub genes 476 

between patients with diabetic retinopathy and healthy controls.  477 

Fig. 6. Correlation analysis of hub genes and immune infiltration. A) Relative percentages of 22 478 

subpopulations of immune cells in 76 samples from GSE160306. B) Correlation heatmap of 22 types 479 

of infiltrating immune cells. Infiltrating immune cells with higher, lower, and similar correlation 480 

levels are shown in red, purple, and white, respectively. C) Differences in immune cell infiltration 481 

between patients with diabetic retinopathy (DR) and healthy controls. The control group is marked in 482 

blue and the DR group is marked in yellow. D) Correlation analysis of eight hub genes and immune 483 

infiltration. 484 

Fig. 7. Gene set variation analysis. A) ACSS1-enriched pathways. B) AKAP13-enriched pathways. C) 485 

ARNT2-enriched pathways. D) BOC-enriched pathways. E) GFPT2-enriched pathways. F) LHFPL2-486 

enriched pathways. G) TGFB2-enriched pathways. H) TNFRSF1A-enriched pathways. The blue band 487 

represents a positive correlation, and the green band represents a negative correlation. 488 
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Fig. 8. Gene set enrichment analysis. A-H) Gene Ontology and Kyoto Encyclopedia of Genes and 489 

Genomes functional annotation analysis of hub genes (ACSS1, AKAP13, ARNT2, BOC, GFPT2, 490 

LHFPL2, TGFB2, TNFRSF1A). 491 

Fig. 9. Motif enrichment analysis of hub genes. A) Distribution of areas under the curve for hub 492 

genes. B) Analysis of recovery curve of motif, mean - standard deviation of high normalized 493 

enrichment score. 494 

Fig. 10. Potential therapeutic drugs. A) Calyculin. B) Chromomycin-a3. C) JNK-9L. D) ZG-10. 495 

Fig. 11. A) Human retinal endothelial cells (HRECs) treated with 5 mM glucose (100×). B HRECs 496 

treated with 25 mM (high) glucose cultured for 48 h (100×). The mRNA expression levels of 497 

LHFPL2 (C), GFPT2 (D), and TNFRSF1A (E) in HRECs treated with high glucose were 498 

significantly lower than in HRECs treated with 5 mM glucose (P < 0.05). NG: normal glucose (5 499 

mM). HG: high glucose (25 mM). 500 
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Figure 1

Study �owchart



Figure 2

Identi�cation of differentially expressed genes (DEGs). A) Volcano plot for DEGs in GSE160306 between
patients with diabetic retinopathy and healthy controls. B) The top 10 up- and downregulated DEGs.

Figure 3



Identi�cation of methylated differentially expressed genes. A) Venn diagram showing 0 hypomethylated
upregulated genes. B) Venn diagram showing 10 hypermethylated downregulated genes.

Figure 4

Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), and protein-protein interaction
(PPI) functional annotation analysis. A) Signi�cant enrichment of GO annotations and KEGG pathways
of hub genes in diabetic retinopathy by Metascape. B) PPI network.

Figure 5



Weighted gene co-expression network analysis (WGCNA). A) Hierarchical clustering tree. B) Identi�cation
of the soft threshold, with 3 as the best �t. C) Cluster dendrogram of genes based on topological overlap.
D) Correlation between gene modules and clinical traits. E) Scatter plot of module eigengenes in the
green-yellow module. F) Eight hub genes between the co-expression network and the hypermethylated
downregulated genes. G) Different expression levels of hub genes between patients with diabetic
retinopathy and healthy controls.

Figure 6

Correlation analysis of hub genes and immune in�ltration. A) Relative percentages of 22 subpopulations
of immune cells in 76 samples from GSE160306. B) Correlation heatmap of 22 types of in�ltrating
immune cells. In�ltrating immune cells with higher, lower, and similar correlation levels are shown in red,
purple, and white, respectively. C) Differences in immune cell in�ltration between patients with diabetic
retinopathy (DR) and healthy controls. The control group is marked in blue and the DR group is marked in
yellow. D) Correlation analysis of eight hub genes and immune in�ltration.



Figure 7

Gene set variation analysis. A) ACSS1-enriched pathways. B) AKAP13-enriched pathways. C) ARNT2-
enriched pathways. D) BOC-enriched pathways. E) GFPT2-enriched pathways. F) LHFPL2-enriched
pathways. G) TGFB2-enriched pathways. H) TNFRSF1A-enriched pathways. The blue band represents a
positive correlation, and the green band represents a negative correlation.



Figure 8

Gene set enrichment analysis. A-H) Gene Ontology and Kyoto Encyclopedia of Genes and Genomes
functional annotation analysis of hub genes (ACSS1, AKAP13, ARNT2, BOC, GFPT2, LHFPL2, TGFB2,
TNFRSF1A).



Figure 9

Motif enrichment analysis of hub genes. A) Distribution of areas under the curve for hub genes. B)
Analysis of recovery curve of motif, mean - standard deviation of high normalized enrichment score.



Figure 10

Potential therapeutic drugs. A) Calyculin. B) Chromomycin-a3. C) JNK-9L. D) ZG-10.



Figure 11

A) Human retinal endothelial cells (HRECs) treated with 5 mM glucose (100×). B HRECs treated with 25
mM (high) glucose cultured for 48 h (100×). The mRNA expression levels of LHFPL2 (C), GFPT2 (D), and
TNFRSF1A (E) in HRECs treated with high glucose were signi�cantly lower than in HRECs treated with 5
mM glucose (P < 0.05). NG: normal glucose (5 mM). HG: high glucose (25 mM).

Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

Additional�le1.xls

Additional�le2.txt

SupplementaryMaterial.docx

https://assets.researchsquare.com/files/rs-1136469/v1/47be3aa5e31f961f54067c5d.xls
https://assets.researchsquare.com/files/rs-1136469/v1/ac831aa730a6dbcb5e6abe73.txt
https://assets.researchsquare.com/files/rs-1136469/v1/1ce6d43e6f55bae981c748d6.docx

