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Abstract
Background: Chronic kidney disease (CKD) is a global health concern with significant implications for
public health and mortality rates, projected to become the fifth leading cause of death by 2040. The
search for early diagnostic targets for CKD is imperative. In this study, we concentrated on identifying
key transcription factors (TFs) for the early diagnosis of CKD and established a regulatory network
between these TFs and their corresponding target genes.

Methods: We conducted microarray data analysis and Gene Set Enrichment Analysis (GSEA) to identify
differentially expressed genes (DEGs) and the associated pathways in CKD. We further explored the
potential regulatory TFs among DEGs using the TRRUST v2 database and validated the TF-target
regulatory relationships through correlation analysis and the JASPAR database. The protein expression
of the identified TFs in renal tissues was also assessed.

Results:The analysis identified six TFs, namely HNF4A, CEBPA, CREB1, FOS, HIF1A, and SP1, which
demonstrated potential as diagnostic biomarkers for CKD. These TFs showed differentially expressed
patterns in CKD and were found to have multiple regulatory relationships with DEGs, indicating their
crucial role in the disease process. ROC analysis revealed high predictive efficiency for four of these TFs
(CREB1, FOS, HIF1A, and SP1), while the combined predictive efficiency of all TFs was exceptionally high.

Conclusion:Our findings highlight the role of transcription factors in the pathophysiological process of
CKD and identify several key TFs with potential for clinical translation as early diagnostic biomarkers for
the disease. Further validation and exploration are warranted to leverage the potential clinical utility of
these TFs in the early diagnosis and prognosis of CKD.

Introduction
Chronic kidney disease (CKD) has emerged as a significant healthcare issue, affecting individuals across
all age groups worldwide, which tend to be become the fifth leading cause of death by 20401, 2. Despite
the different etiologies of CKD, its prolonged and incurable process ultimately results in end-stage kidney
disease (ESKD), which requires renal replacement therapy3. CKD is an independent hazard factor for
acute kidney injury (AKI), and AKI further aggravates the development and process of CKD2, 4.

Renal fibrosis is the most important pathological feature of ESKD, which is characterized by
glomerulosclerosis, interstitial fibrosis, and immune cell infiltration in the kidney5-7. The renal fibrosis is
accompanied by pathological accumulation of extracellular matrix (ECM) proteins, including collagens
and fibronectin8. However, excessive deposition of ECM in the kidney usually means the late irreversible
stage of ESKD. Therefore, the search for early diagnostic targets for CKD is urgently needed.

Transcriptional factors (TFs) play a crucial role in recognizing unique DNA sequences to regulate
chromatin structure and gene transcription, thereby establishing a complex system essential for
controlling the expression of the kidney genome9. Recent studies have indicated that dysregulation of
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human TFs is closely related to the onset and progression of CKD10, 11. It is well known that each TF,
functioning as an upstream regulatory signal, can regulate multiple downstream target genes, which
affects different biological process and signaling pathways. Therefore, the changes of the expression of
TFs deserve attention that can be recognized as an early signal for CKD. Previous studies have identified
some TFs mediating the pathogenesis of CKD, including RUNX2, HIF1A, KLF4, P65, IRF1, SMADs and so
on12-18. Thus, some key TFs closely associated with CKD have the potential to be the biomarkers for
early diagnosis.

In this research, we reanalyzed a classic microarray dataset from Nephroseq database
(https://www.nephroseq.org/) to achieve TFs for early diagnosis of CKD19. In addition, we established
the regulatory network between diagnostic TFs with corresponding target genes. Finally, we evaluated
the diagnostic efficiency of these TFs.

Materials And Methods
Microarray Data Analysis

The microarray assay consisting of 8 control kidney samples and 53 CKD kidney samples (GSE66494)
was reanalyzed using the online tool “GEO2R”. The operation procedure was followed by the official
instructions, as options were set to default settings. The differential expression genes (DEGs) were
characterized by “adjust P value < 0.05”.

Gene Set Enrichment Analysis (GSEA) Analysis

The gene symbols and corresponding log2FC values from GSE66494 were used for GSEA analysis based

on the online tool (https://www.omicstudio.cn/tool/)20.

The exploration of differentially expressed transcription factors (TFs)

The top 500 DEGs of CKD patients were entered into TRRUST v2 (https://www.grnpedia.org/trrust/)21,
which were used for getting possible regulatory TFs in the next step. Among these TFs, some were also
DEGs, which can be recognized by the venny tool as we described before22. In addition, the TF-target
regulatory relationships were further validated by correlation analysis and JASPAR database23. The
correlation analysis was conducted by using two different online tools from omicstudio
(https://www.omicstudio.cn/tool/59) and hiplot (https://hiplot.com.cn/cloud-tool/drawing-
tool/detail/646). The intersecting results for the above linear correlation analysis were employed for the
next linear correlation analysis.

Statistical analysis

The transcriptome expression value of selected genes was used for the linear correlation analysis based
on the Graphpad software. The receiver operator characteristic (ROC) was performed by R software.
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Results
Analysis Process

The flowchart was shown in Figure 1. Firstly, DEGs were identified from microarray data from the GEO
database. Then, GSEA analysis was conducted. Subsequently, the regulatory TFs of the top 500 DEGs
was predicted by TRRUST database. Among these TFs, some were differentially expressed TFs, which
regulation of corresponding target genes was verified via linear correlation analysis and JASPAR
database. Lastly, the diagnostic efficiency of the selected TFs was evaluated ROC curve.

Identification of DEGs Between Normal and CKD Samples and KEGG Analysis

We selected GSE66494 dataset to conduct deep data mining, because many DEGs from the dataset had
been proved to be important pathogenic genes related to CKD, such as PXR, ROCK2 as our research
team and other researchers identified before24-26. Gene expression levels were compared between the
CKD and control samples, the results from GEO2R were shown in Figure 2A-D. Considering the
continuous updates of the KEGG database, we conducted functional analysis based on the newest
background genesets using GSEA method. A series of up-regulated and down-regulated pathways were
shown in Figure 2E, which can be summarized as four categories, including down-regulated energy
metabolism, up-regulated proinflammatory and immune infiltration, profibrotic and proliferative pathways
and renal dysfunction. As is widely known, renal interstitial fibrosis is the most significant pathological
manifestation in CKD patients at the end-stage27. Activated TGFβ/smads signaling and wnt/β-catenin
signaling are canonical pathways associated with renal fibrosis12, 28, 29. Therefore, the dataset met the
standard for further analysis.

Screening and identifying key TFs among DEGs

As the microarray dataset reflects changes in transcription levels, we looked up the upstream regulatory
TFs for these mRNA changes. TRRUST2.0 is a manually curated database containing 8,444 TF-target
regulatory relationships of 800 human TFs21. All of the regulatory network were from recorded literature,
which meant more solid than bioinformatics prediction and high-throughput sequencing data. Then, 38
probable regulatory TFs were achieved from TRRUST meeting the criterion “p < 0.05” (Supplementary
Figure 1). Among these TFs, 20 were differentially expressed in CKD group (Figure 3A). Furthermore, the
above TFs with less than 3 target genes were excluded, only 13 TFs were used for the next validation
(Figure 3B).

The expression of screening TFs and the linear correlation between TFs and matching targets   

Among these 13 TFs, heatmap showed that 7 were significantly up-regulated, while the others were
significantly down-regulated (Figure 4A). Each TF had its own target gene, which was achieved from
TRRUST database. Furthermore, we adopted two ways to conduct the correlation between TFs and
corresponding target genes (Figure 4B & C). Each transcription factor (TF) directly interacts with the
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promoter region of one or multiple target genes, thereby influencing the expression of mRNA in those
genes. This suggests a potential linear correlation between the TF and its corresponding target genes.
We found that many TFs had positively or negatively related target genes (Figure 4D-R) containing
HNF4A, CEBPA, CREB1, FOS, HIF1A  and SP1. Among these TFs, HIF1A, SP1 and CREB1 were up-
regulated in human CKD kidney tissue, while the others were down-regulated.

The potential binding sites of key TFs

JASPAR database provided a potential binding sites between TFs and target genes. According to the
previous analysis, we focused on the specific TFs and their corresponding binding sites. From the Figure
5A, SP1 had 6 binding sites with the promoter region of FOS, 5 binding sites with COL11A2, 1 binding site
with PRSS50, 2 binding sites with NR4A1, 1 binding site with CHI3L1, 3 binding sites with FBLN1,

2 binding sites with EPOR and 5 binding sites with LCAT. CREB1 had only 1 binding site with FOXA1.
HNF4A had 2 binding sites with the promoter region of ABCC6, 1 with SLC22A6, 1 with MMP7. CEBPA
had 2 binding sites with PCK2. FOS had 1 binding site with FOXA1. HIF1A had 5 binding sites with ASS1.
The high-frequency binding base sequences corresponding to each transcription factor was shown in
Figure 5B-K.

The protein expression of hub TFs in renal tissues

We observed hub TFs in the normal kidney tissue based on the Human Protein Atlas Database. All of the
selected TFs were expressed at a protein level in the normal kidney. However, they distributed in the
different area of the kidney. HNF4A existed mainly in the nuclear area of renal tubules (Figure 6A).
CEBPA was expressed in both nucleus and cytoplasm of renal tubules (Figure 6B). CREB1 distributed in
the nucleus of both glomerulus and renal tubules (Figure 6C). Interestingly, FOS was almost expressed in
the whole kidney (Figure 6D). On the contrary, HIF1A was expressed at a low protein level in the
glomerulus (Figure 6E). SP1 mainly distributed in the nucleus of glomerulus (Figure 6F).

Predictive efficiency of core TFs in CKD patients

ROC analysis was employed to evaluate the predictive efficiency of the six genes mentioned. Four of
their AUC values were greater 0.9, including CREB1, FOS, HIF1A and SP1 (Figure 7C-F), while the AUC
value of HNF4A and CEBPA was just 0.658 and 0.5802 (Figure 7A & B), and the summary result was
shown in Figure 7G. The combined predictive efficiency of the above TFs was shown in Figure 7H, which
AUC is equal to 1.

Discussion
CKD is a kind of progressive disease whose clinical assessment is usually based on laboratory
examination and pathological examination. Over the past years, proteinuria, eGFR, Scr, BUN and some
other indexes have reflected the function of kidney. However, when these indexes show significant
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pathological changes, the kidney has progressed to the end stage. Therefore, a strategy for early
diagnosis of CKD needs to be developed urgently.

With the rapid development of the technology of multiple omics, molecular diagnosis has been applied
to clinical practice. Many researchers have found some key biomarkers highly related to CKD. Zhang et al
identifies that XDH is positively correlative with the damage of kidney30. MMP2 and MMP9, which are
closely related to glomerulonephritis as we have identified before, are also important biomarkers for
CKD22, 31.

Different from the former diagnostic models, in this study, we focused on searching some diagnostic
biomarkers for CKD from transcription factors because of their upstream regulatory effects. We used
TRRUST database to predict the regulatory TFs for DEGs and got a series TFs, among which some were
also differentially expressed genes. Further analysis revealed that 6 of them had multiple regulatory
relationships with DEGs including HNF4A, CEBPA, CREB1, FOS, HIF1A and SP1, which were supported by
linear correlation analysis and evidences from JASPAR database. HNF4A, namely hepatocyte nuclear
factor 4-alpha, is associated with the differentiation of proximal tubules, whose deletion or mutation will
result in Fanconi renotubular syndrome32-34. HNF4A is also down-regulated in the unilateral ureteral
obstruction model, which is a classic model using for researching CKD35. Additionally, liver-specific
HNF4A-deficient mice progress to liver fibrosis, which can be rescued by applicability of HNF4A mRNA
therapeutics36, 37. CEBPA, namely CCAAT/enhancer-binding protein alpha, was down-regulated in our

analysis. Interesting, conversely, it is reported to be up-regulated in the UUO kidney38. However, another
research supports that the expression of CEBPA is repressed by TGFβ, which contributed to the initiation
of endothelial-to-mesenchymal transition in the endothelium39. Cyclic AMP-responsive element-binding
protein 1 (CREB1) can be induced by TGFβ, which can result in matrix metalloproteinase and fibronectin
accumulation40-42. FOS, also called protein c-FOS, is increased in the UUO model for 12 days43. FOS is a

vital component of TGFβ/SMADs signaling, which mediates cell proliferation44, 45. However, our analysis
shows that FOS is up-regulated in human renal tissues. More samples may be needed to include in order
to test whether FOS can be a biomarker for CKD at the early stage. HIF1A, also named hypoxia-inducible
factor 1-alpha, can promote renal fibrosis in some kidney diseases46, 47. Therapeutic strategy targeting
HIF-1α can protect the kidney from AKI to CKD progression48.  SP1 is increased in glomerular or proximal
tubular tissues in glomerulonephritis and obstructive nephropathy, whose expression is positively
correlative to p-Smad2/349. In addition, the expression of SP1 is positively relative to collagen I50. 

Furthermore, the above TFs separately have their own target genes. These target genes, including FOS,
COL11A2, PRSS50, NR4A1, CHI3L1, FBLN1, FOXA1, EPOR, LCAT, ABCC6, SLC22A6, MMP7, PCK2 and
ASS1, are also differentially expressed in human CKD kidney. Among these genes, some are reported to
be related to renal fibrosis, such as MMP7, NR4A1, LCAT and so on51-53. At the same time, ROC analysis
reveals that transcription factor CREB1, FOS, HIF1A and SP1 have higher diagnostic efficacy than HNF4A
and CEBPA. 
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In summary, all of the six TFs calculated by our team have the potential to diagnose and evaluate
prognosis for CKD at the early stage. Based on the above analysis, SP1, CREB1 and HIF1A seem to have
more strong evidence for further clinical transformation.

However, the study has some limitations. First, as the TF-target regulatory network is based on the
published literature, quite a few TFs are not reported in TRRUST, there may be other TFs which is able to
be used for early diagnosis of CKD. Second, our findings just come from numerous data analysis and
documentary evidence, some experiments ought to be performed for validation. For instance, the binding
affinity between TFs and corresponding DNA sequence should depend on electrophoretic mobility shift
assay or chromatin immunoprecipitation. And also, dual-luciferase reporter assay is necessary for
analyzing the gene expression regulated by TFs in the kidney cell model. Third, CKD patients have
different primary diseases, this research do not divide CKD patients into diverse subgroups. We will
overcome these shortcomings and make a deep exploration in the next work.

Conclusion
In summary, transcription factors play an important role in the pathophysiological process of chronic
kidney disease. We have identified 6 TFs closely associated with CKD based on a comprehensive
method containing HNF4A, CEBPA, CREB1, FOS, HIF1A and SP1. According to the literature evidence and
deep data analysis, we conclude that SP1, CREB1 and HIF1A may have greater potential for clinical
translation.
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Figure 1

The flowchart of the whole strategy.
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Figure 2

Differential gene expression in the GSE66494 dataset and the KEGG pathways involved. A. Boxplot of
dataset. B. UMAP plot of dataset. C. Volcano plot of dataset. D. The amounts of differential genes of
dataset. E. The up-regulated and down-regulated pathways of dataset based on GSEA analysis.
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Figure 3

The differentially expressed TFs in CKD kidney. A. The venny diagram between predicted TFs and DEGs
in the CKD kidney. B. Differentially expressed TFs with more than 3 target genes and their corresponding
protein coding in the UniProt database.
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Figure 4

The up-regulated and down-regulated TFs in CKD and their relative linear analysis with corresponding
target genes. A. Heatmap based on Nephroseq database reveals the up-regulated and down-regulated
TFs in CKD. B-C. The linear analysis between TFs and their corresponding targets via two different
methods. D-R. The linear analysis between each TF and each target gene.
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Figure 5

The binding sites between selected TFs and target genes. A. The combing prediction between TFs and
target sequences by JASPAR. B-E. The binding sites information for SP1. F. The binding sites information
for CREB1. G-H. The binding sites information for HNF4A. I. The binding sites information for CEBPA. J.
The binding sites information for FOS. K. The binding sites information for HIF1A. The larger the letter,
the greater the frequency of the corresponding base
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Figure 6

Immunohistochemistry of the hub TFs based on the Human Protein Atlas database. A. The protein
expression of HNF4A in the normal kidney tissue. B. The protein expression of CEBPA in the normal
kidney tissue. C. The protein expression of CREB1 in the normal kidney tissue. D. The protein expression
of FOS in the normal kidney tissue. E. The protein expression of HIF1A in the normal kidney tissue. F. The
protein expression of SP1 in the normal kidney tissue.
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Figure 7

The diagnostic efficacy of 6 key TFs and their combined predictive efficiency in CKD. A. ROC analysis of
HNF4A in CKD. B. ROC analysis of CEBPA in CKD. C. ROC analysis of CREB1 in CKD. D. ROC analysis of
FOS in CKD. E. ROC analysis of HIF1A in CKD. F. ROC analysis of SP1 in CKD. G. The collected results of
the above single result. H. The combined predictive efficiency for the above six TFs.
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