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ABSTRACT

Background: Arteriovenous fistula (AVF) is currently the preferred vascular access for hemodialysis
patients. However, the low maturation rate of AVF severely affects its use in patients. A more
comprehensive understanding and study of the mechanisms of AVF maturation is urgently needed.
Methods and results: In this study, we downloaded the publicly available datasets (GSE119296 and
GSE220796) from the Gene Expression Omnibus (GEO) and merged them for subsequent analysis. We
screened 84 differentially expressed genes (DEGs) and performed the functional enrichment analysis.
Next, we integrated the results obtained from the degree algorithm provided by the Cytohubba plug-in,
Molecular complex detection (MCODE) plug-in, weighted gene correlation network analysis (WGCNA),
and Least absolute shrinkage and selection operator (LASSO) logistic regression. This integration allowed
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us to identify CTSG as a hub gene associated with AVF maturation. Through the literature search and
Pearson’s correlation analysis, the genes matrix metalloproteinase 2 (MMP2) and MMP9 were identified
as potential downstream effectors of CTSG. We then collected three immature clinical AVF vein samples
and three mature samples and validated the expression of CTSG using immunohistochemistry (IHC) and
double-immunofluorescence staining. The IHC results demonstrated a significant decrease in CTSG
expression levels in the immature AVF vein samples compared to the mature samples. The results of
double-immunofluorescence staining revealed that CTSG was expressed in both the intima and media
of AVF veins. Moreover, the expression of CTSG in vascular smooth muscle cells (VSMCs) was significantly
higher in the mature samples compared to the immature samples. The results of Masson’s trichrome
and collagen | IHC staining demonstrated a higher extent of collagen deposition in the media of
immature AVF veins compared to the mature. By constructing an in vitro CTSG overexpression model in
VSMCs, we found that CTSG upregulated the expression of MMP2 and MMP9 while downregulating the
expression of collagen | and collagen IIl. Furthermore, CTSG was found to inhibit VSMC migration.
Conclusions: CTSG may promote AVF maturation by stimulating the secretion of MMP2 and
MMP9 from VSMCs and reducing the extent of medial fibrosis in AVF veins by inhibiting the
secretion of collagen | and collagen IIl.

non-maturation

1. Introduction AVF maturation depends on the ability of the venous out-
flow tract to adapt to the increased blood flow caused by
AVF creation and thrombosis prevention [7,8]. In a mature
AVF, the effect of arteriovenous anastomosis on blood flow
results in a structural vascular remodeling response in the
vascular wall, such as outward expansion and thickening,
which helps maintain blood flow and pressure [9]. The failure
of outward remodeling due to medial fibrosis and intimal
hyperplasia (IH) in the veins after AVF creation is an import-
ant risk factor for immature AVFs [10-12]. However, the spe-
cific cellular mechanisms and molecular pathways that cause

Vascular access is the lifeline of patients undergoing hemodi-
alysis and is also the Achilles’ heel. Compared to central venous
catheters and arteriovenous grafts, the arteriovenous fistula
(AVF) is currently the preferred choice for establishing vascular
access in hemodialysis patients because of its lower risk of
infection and mortality [1,2]. Unfortunately, due to the lack of
vascular maturation or spontaneous thrombosis, numerous
AVFs fail to develop adequately before being used for hemo-
dialysis, which makes them unsuitable for dialysis [3-6].
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these pathological changes remain unknown. Uncovering
these mechanisms may help develop clinical strategies to
facilitate AVF maturation.

In this study, we used bioinformatic analysis to identify dif-
ferentially expressed genes (DEGs) and found that the gene
CTSG was significantly downregulated in immature AVF veins
compared to mature AVF veins. We then investigated the
underlying mechanisms of CTSG involved in AVF maturation.

2. Materials and methods
2.1. Bioinformatic analysis

Detailed methods are provided in the Supplementary Materials.

The GSE119296 [13] and GSE220796 [14] datasets were
downloaded from the Gene Expression Omnibus (GEO; http://
www.ncbi.nlm.nih.gov/geo) to select the required samples.
By merging the two datasets, we obtained a total of 23 ana-
tomically mature AVF samples and 17 immature AVF samples.
Anatomically mature samples were used as normal controls.
Ensembl IDs were converted into the corresponding official
gene names to annotate the expression matrix. For genes
with multiple probe matches, the average expression levels
of those probes were calculated to determine the expression
level of the gene.

2.2. Human AVF sample collection and processing

The mature and immature AVF tissue samples were collected
at the Department of Nephrology of Guangzhou First People’s
Hospital. The sample of the juxta-anastomotic outflow vein
segments of both mature and immature AVFs collected
during the two-stage surgical revision or salvage procedure.
We considered AVF veins that could not be used within three
months after AVF creation as immature AVF tissue samples
and AVF veins that had been used for hemodialysis after AVF
creation as mature AVF tissue samples. The basic information
of these patients is included in the Supplementary Table S1.
The study protocols were approved by the ethics committee
of our institution and informed consent was obtained from
all participants. The tissues were fixed in 4% formaldehyde
and embedded in paraffin.

2.3. Cell culture and transfection

Vascular smooth muscle cells (VSMCs) were cultured in a cell
culture medium supplemented with 2% FBS, 1% smooth
muscle cell growth supplement, and 1% penicillin/streptomy-
cin solution and incubated at 37°C in a humidified 5% CO,
incubator. The CTSG overexpression plasmid or correspond-
ing empty plasmid was transfected using Lipofectamine
3000, according to the manufacturer’s instructions, to evalu-
ate the effect of CTSG on cultured VSMCs. Briefly, cells were
seeded at a confluency of 60-70%. The plasmids were mixed
with Lipofectamine 3000, diluted in Opti-MEM (without anti-
biotics and FBS), and incubated for 24h. The complete

culture medium was replaced, and the cells were cultured for
24h. Transfection efficiency was measured by real-time quan-
titative PCR (RT-qPCR; 24h after transfection) and western
blotting (48 h after transfection).

2.4. RNA isolation and RT-qPCR

RNA extraction was performed using the EZ-press RNA
Purification Kit, and the RNA was reverse-transcribed to cDNA
using the Reverse Transcription Master Mix. RT-qPCR experi-
ments were conducted using Color SYBR Green qPCR Mix on
an ROCHE LightCycler 96, with 45 cycles per sample. All pro-
cedures were performed according to the manufacturer’s
instructions. Relative gene expression levels were determined
using the 2722¢t method and were normalized to GAPDH
expression levels. The specificity of the primer sequence was
confirmed using agarose gel electrophoresis and melting
curve analysis. All RT-gPCR primer sequences are listed in
Supplementary Table S2.

2.5. Western blot

Total cellular protein content was determined by lysing the
cells with RIPA buffer, and the protein concentration was
determined using a BCA kit. Approximately, 30 ug of protein
was separated by SDS-PAGE, followed by membrane transfer
treatment, and nonspecific antigens were blocked using 4%
BSA. Immunoblots were detected separately with various pri-
mary antibodies, and HRP-labelled secondary antibodies
were used for detection using the ChemiDoc System (Bio-Rad,
Inc., Hercules, CA).

2.6. Histopathology and immunohistochemistry

Paraffin-embedded tissues were cut into 2.5um-thick sec-
tions, deparaffinized, and dehydrated in a graded ethanol
series. Masson'’s trichrome staining was performed according
to the manufacturer’s instructions. According to the manu-
facturer’'s protocols, Immunohistochemistry (IHC) was per-
formed using the UltraSensitiveTM SP IHC Kit and DAB
reagent kit. Briefly, the sections were subjected to antigen
retrieval, removal of endogenous peroxidase activity, and
antigen blocking. Sections were subsequently incubated
overnight with a primary antibody (CTSG, 1:400; collagen |,
1:400) at 4°C, followed by incubation with a horseradish
peroxidase-labeled secondary antibody. DAB was used for
color visualization. The sections were counterstained with
hematoxylin. The following primary antibodies were used for
double-immunofluorescence staining of sections: rabbit
anti-CTSG antibody (1:400) and SMA-a-FITC (1:500). Alexa
Fluor 555 anti-rabbit antibody was used as the secondary
antibody. We used 4',6-diamidino-2-phenylindole (DAPI) for
counterstaining. Pictures were recorded using a Nikon Eclipse
Ti2-E fluorescence microscope. Images (x 400) from each sec-
tion were analyzed blindly and quantified using Imagel
software.
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2.7. Scratch assay

A scratch assay was performed on VSMCs as previously
described [15]. VSMCs were seeded at a density of 15x10*
cells per well in a 12-well plate and transfected with plas-
mids the next day. A scratch was introduced 48h after trans-
fection using a 200-pL pipette tip. The cells were then
incubated at 37°C and observed after 0, 12, 24, and 48h. A
difference in scratch filling was observed to determine the
ability of the cells to migrate.

2.8. Statistics

All data are expressed as the meanz=SD. Statistical tests
included the two-sided unpaired Student’s t-test and two-way
ANOVA; p<0.05 was considered statistically significant.

3. Results

3.1. Differentially expressed genes between immature and
mature AVF group

We performed differential expression analysis of immature
and mature AVFs. After adjusting for sex-related differences,
107 and 88 DEGs were identified using DESeq2 and edgeR,
respectively (Figure 1(A,B)). The intersection of DEGs con-
sisted of 84 genes screened using DESeq2 and edgeR (Figure
1(Q)). The significant fold-changes genes observed using
DESeq2, edgeR, and both methods are highlighted in
Figure 1(D).

3.2. The results of functional enrichment analysis and
protein—-protein interaction network construction

Gene ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analysis and Gene set enrich-
ment analysis (GSEA) were performed to identify pathways
associated with DEGs. The GO enrichment results (Figure
2(A)) showed that the DEGs were related to cellular compo-
nents (CCs), including collagen-containing extracellular matrix
(ECM; e.g., CTSG and FRAS1) and blood microparticle (e.g.,
C4A). As for molecular functions (MFs), the DEGs were mainly
involved in receptor-ligand activity (e.g., HBEGF) and metallo-
endopeptidase activity (e.g., ECEL1). They participated in bio-
logical processes (BPs) related to ECM organization (e.g.
CTSG) and extracellular structure organization (eg.,
ADAMTS14 and CTSG). The KEGG enrichment results showed
that the DEGs were related to cytokine-cytokine receptor
interactions (e.g., CCL8 and IL10) (Figure 2(B)). As for GSEA
(Figure 2(C)), apart from the immune response, the results
revealed enrichment in SLC-mediated transmembrane trans-
port (e.g., SLC14A1) and vesicle-mediated transport (e.g.
IGLV3-21).

We then constructed a protein—protein interaction (PPI)
network and calculated the degree of each node using
Cytohubba plug-in to explore important genes in the net-
work. Eighteen genes with a degree of connectivity > 5 were
considered  candidate genes associated with  AVF
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non-maturation (Figure 2(D)). Subsequently, using MCODE
plug-in, we obtained four sub-clusters among the DEGs
(Supplementary Table S3). We visualized the interaction
between the genes in Cluster 1 and their scores (Figure 2(E)
and Supplementary Table S4).

3.3. Trait-related gene module obtained by WGCNA and
ssGSEA analysis

Weighted gene correlation network analysis (WGCNA) was
conducted to identify a gene group with the same expres-
sion pattern and to determine the association between mod-
ules and sample phenotypes. First, a power of B =11
(scale-free R2=0.7) was selected as a soft threshold value for
establishing a scale-free network (Figure 3(A)). Five gene
modules were obtained from the co-expression network and
retained when dynamic pruning method was used (Figure
3(B)). The single-sample gene set enrichment analysis
(ssGSEA) was performed to calculate the score of each sam-
ple for ECM-related pathways and identify the correlation
between values (Figure 3(C)). Pathways were input as new
traits during WGCNA. Coefficients and corresponding statisti-
cal significance between module eigengenes and clinical
traits were calculated and visualized, as shown in Figure 3(D).
The blue module was the most negatively associated with
non-maturation outcome and positively associated with
ECM-related traits, which were negatively related to the
non-maturation of AVF progression. In conclusion, the blue
module was highly related to AVF progression-related
non-maturation, with a correlation coefficient of 0.67 and a p
value of 2.2e-75 (Figure 3(E)).

3.4. Identified CTSG as hub gene associated with the AVF
non-maturation

Combining with the results of candidate genes in Cytohubba,
the top 3 genes in MCODE scores in cluster 1 and blue mod-
ule in WGCNA, CTSG, PTX3, and SOCS3 were identified as can-
didate hub genes (Figure 4(A)). The gene significance (GS) for
traits of the three candidate hub genes were calculated and
visualized, as shown in Figure 4(B). To explore further the
more important gene associated with AVF non-maturation,
we conducted ROC diagnostic prediction analysis of the
three candidate hub genes to evaluate their predictive effect
on AVF outcomes. The AUC values of all genes were more
than 0.7 (Figure 4(C)). Using the lasso regression model, CTSG
and SOCS3 were selected (Figure 4(D,E)). Combined with the
above results, we found that gene CTSG had a more signifi-
cant differential expression (FDR < 0.01), higher trait-related
scores, and a more important value in LASSO model (Figure
4(F) and Supplementary Tables S4 and S5). Thus, CTSG is con-
sidered a hub gene involved in AVF non-maturation for sub-
sequent analysis. We further explored whether the expression
differences of CTSG existed preoperatively by delving into
datasets GSE119296 and GSE220796. We performed differen-
tial expression analysis in native veins that remained imma-
ture versus veins that matured after AVF creation. After
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Figure 1. Differentially expressed analysis in the immature AVFs compared to the mature. (A and B) Volcano plots of DEGs using DESeq2 (A) and edgeR
(B) method. (C) Venn diagram summarizing the differential and overlapping DEGs. (D) Plot of fold changes of significant DEGs in DESeq2, edgeR, and both

methods. DEGs: differentially expressed genes; AVF: arteriovenous fistula.

adjusting for sex-related differences, the DEGs were identified
using DESeq2 and edgeR, respectively. The results indicated
no significant differential expression of CTSG in native veins
(Supplementary Figure S1).

3.5. Downstream biological pathways and effectors
affected by CTSG during ECM regulation

The function enrichment analysis results (Figure 2(A)) high-
lighted a significant enrichment of pathways linked to the
ECM, with CTSG also playing a role within these pathways. To
explore how CTSG affects ECM organization in immature
AVFs, GSEA was performed according to the expression level
of CTSG (Figure 5(A)). We found that degradation of the ECM
(e.g, MMP9 and CMA1) and ECM organization (eg.,
ADAMTS14 and TPSAB1) were highly correlated with CTSG.
Next, we attempted to determine the specific effector

regulated by CTSG. Using the Reactome database, we found
that CTSG participates in matrix metalloproteinases (MMP)
pathway activation, which in turn activates proMMP1,
proMMP8 and proMMP9 [16-19] (Supplementary Figure S2).
GO and enrichment analysis were then performed to identify
BP and pathways related to the DEGs of MMPs. The results
showed that MMPs play a role in regulating metalloendopep-
tidase activity (e.g, MMP1 and MMP9), mainly in
collagen-containing ECM (e.g., MMP2 and MMP9), which par-
ticipates in processes such as collagen degradation (e.g.,
MMP8 and MMP9) and ECM organization (e.g., MMP3 and
MMP12) (Figure 5(B)). Next, we constructed the CTSG-MMP
PPl network. We used the betweenness, closeness, MCC,
degree, and MCODE scores to evaluate important nodes in
the network. MMP8 and MMP12 did not occur in the MCODE
module in which CTSG participated, and MMP9 and MMP3
had better performance in the five algorithms (Figure 5(C)).
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Figure 2. Function enrichment analysis and PPl network. (A) Barplot of GO enrichment analysis. Results were categorized into biological process (BP),
cellular component (CC), and molecular function (MF). (B) Barplot of KEGG pathway enrichment analysis. (C) The results of GSEA. (D) PPl network of can-
didate genes. Nodes whose degree greater than 5 were as the candidate genes, the more central, the greater the degree values. The size and gradient
color of each node represents its degree and log,FC. (E) PPl network of the genes in cluster 1. The size and gradient color of each node represents its
scores and log,FC. PPI: protein—protein interaction; GO: gene ontology; KEGG: Kyoto Encyclopedia of Genes and Genomes; GSEA: gene set enrichment

analysis.

However, only MMP2 (cor = 0.61, p value = 4.19E-05) and
MMP9 (cor = 0.58, p value = 1.17E-04) were significantly cor-
related with CTSG and the correlation with MMP3 (cor =
0.025, p value = 0.88) was not statistically significant (Figure
5(D)). Overall, MMP2 and MMP9 were considered as potential
downstream effectors of CTSG during the subsequent verifi-
cation process.

3.6. Expression levels of CTSG were decreased in immature
AVFs compared to mature AVFs

To further confirm the rationality of the previous analysis, six
human AVF specimens were collected to detect CTSG expres-
sion using IHC analysis. IHC results showed that CTSG expres-
sion was significantly decreased in the outflow veins of
immature AVFs compared to mature AVFs (Figure 6(A,B)).
Next, we sought to elucidate the role of the CTSGs in AVF
maturation. Double-immunofluorescence analyses were per-
formed on mature and immature AVF tissue samples. Both

mature and immature AVFs showed CTSG expression in the
intima, which indicated a lack of co-expression of a-smooth
muscle actin (a-SMA), a VSMC marker (Figure 6(C)). However,
in the media, CTSG colocalized with a-SMA and was
expressed at significantly higher levels in the mature group
than in the immature group (Figure 6(D)).

3.7. Correlation between CTSG and medial fibrosis

To further explore the role of CTSG in the media, we per-
formed Masson’s trichrome staining. The results showed that
the degree of medial fibrosis was significantly lower in
mature AVFs than in immature AVFs (Figure 7(A,B)).
Furthermore, IHC analysis of collagen | was performed, and
the collagen | expression level was higher in the immature
group than in the mature group (Figure 7(C,D)). We previ-
ously showed that CTSG correlated with ECM generation,
collagen degradation, and MMP expression via correlation
analysis (Figure 5(A-D)). These results suggest that CTSG
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Figure 3. WGCNA analysis combined with ssGSEA. (A) Scale independence and mean connectivity with soft threshold. (B) Clustering of modules. (C) ssGSEA
enrichment scores of seven ECM-related pathways in each sample. (D) Each cell contained the corresponding correlation and p values. Mature, immature,
and the 1, 2, 7 refer to AVFs are anatomic maturation or nonmaturation, and the pathways in (C). (E) Scatter plot of genes in the blue module. The hori-
zonal axis represents MM, the vertical axis represents the importance of genes for the failure outcome. Pearson correlation coefficients of MM and gene
significance and the P-values are listed at the top of the plot. WGCNA: weighted gene correlation network analysis; ssGSEA: single sample gene set enrich-
ment analysis; ECM: extracellular matrix; MM: module membership.

may promote AVF maturation by decreasing medial collagen
deposition in AVF vein. Therefore, we hypothesized that
CTSG promotes AVF maturation by stimulating MMP secre-

To test this hypothesis, we constructed an in vitro CTSG
overexpression model using VSMCs. Both RT-qPCR and west-
ern blotting results demonstrated that the plasmid signifi-
tion and inhibiting ECM secretion. cantly upregulated the expression level of CTSG in VSMCs
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Figure 4. Screening the hub gene associated with the AVF non-maturation. (A) Results of the degree algorithm, MCODE plug-in, and WGCNA analysis
screening were intersected to obtain candidate hub genes. (B) Radar chart of the three candidate hub genes with gene significance for trait scores. (C)
ROC prediction analysis of the three hub candidate genes in AVFs. AUC value is on the lower right. (D,E) Lasso regression analysis. The expression levels
of three candidate hub genes were used as input values for lasso selection and 10-fold cross-validation for the penalty parameters-lambda selection in the
model, two variables were reserved when the lambda.min was selected. (F) Upset plot of the results in above analysis for candidate hub genes. **FDR <

0.01 indicated significant differences.

(Figure 8(A,B)). We found that CTSG overexpression in VSMCs
increased the intracellular expression of MMP2 and MMP9
(Figure 8(C)). Further examination of the altered mRNA
expression levels of collagen | and collagen Il in VSMCs
revealed that the expression levels of both collagen | and

collagen Il were significantly decreased in the pcDNA-CTSG
group (Figure 8(C)). These results suggested that CTSG may
promote AVF maturation by inhibiting the secretion of colla-
gen in VSMCs and promoting the expression and secretion of
MMP, thereby reducing the degree of medial fibrosis.
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Figure 5. Downstream effector of CTSG and its gene family function. (A) GSEA was carried out according to the expression level of CTSG. (B) Barplot of
GO enrichment analysis of DEGs which belong to MMP gene family. Results were categorized into biological process (BP), cellular component (CC), and
molecular function (MF). (C) PPI network of CTSG and MMPs. The different color barplot represent five algorithms and the thickness of each edge rep-
resents correlation. (D) Heatmap of correlation coefficient between CTSG and MMPs. **p<0.01 indicated significant differences. DEGs: differentially
expressed genes; PPI: protein—protein interaction; GO: gene ontology; GSEA: gene set enrichment analysis.

Notably, we found that VSMCs transfected with the CTSG
overexpression plasmid showed a significant decrease in
migration ability (Figure 8(D)).

4. Discussion

The global increase in the incidence of end-stage renal dis-
ease has led to an increase in AVF placement. However, the
low maturation rate of AVFs results in patients being unable
to undergo hemodialysis treatment after AVF creation, which
significantly increases the financial and psychological bur-
dens on patients [9,20-22]. Therefore, there is an urgent
need to improve the maturation of AVFs.

We analyzed the GSE119296 and GSE220796 datasets and
identified 17 upregulated and 94 downregulated significant
DEGs. The GO, KEGG, and GSEA enrichment analysis were

performed. The results showed that the inflammatory
response was the most enhanced, consistent with most cur-
rent findings. Inflammatory response regulates vascular
remodeling [23,24]. Local inflammation caused by AVF for-
mation promotes macrophage and lymphocyte infiltration
and upregulates inflammatory factor expression, which pro-
motes the further accumulation of inflammatory cells in the
intima, eventually leading to IH. On the other hand, local
inflammation also promotes local thrombosis, which leads to
AVF dysfunction. The GO enrichment analysis results suggest
that ECM tissue is also involved in the development of AVF,
which is consistent with the present findings. During AVF
maturation, the ECM of the venous vascular wall is altered
in three main phases, that is, the disassembly, reorganiza-
tion, and reconstruction phases, and incorrect alterations in
any of these phases would affect AVF maturation [22].
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Figure 6. The expression of CTSG was decreased in immature AVF removed from patients compared to mature AVF. (A and B) Representative images of
CTSG immunohistochemistry staining (A) and the positive-staining areas were statistically analyzed (B). The black arrows indicated areas of positive CTSG
staining, (%) intima, (L) Lumen, and (M) media. **p<0.01 versus maturation group. (C and D) Double-immunostaining of CTSG (red) and SMA-a (green)
in the intima (C) and media (D) of AVF sample tissue. (Magnification, x 400). AVF: arteriovenous fistula.

Thus, the results of the degree algorithm provided by the
Cytohubba plug-in, MCODE plug-in, WGCNA, and LASSO
logistic regression showed that CTSG might be a hub gene
involved in AVF maturation. To verify whether CTSG was
associated with AVF maturation, we collected tissue speci-
mens with clinically mature and immature AVFs and verified
these specimens via IHC analysis. The expression of CTSG in
the immature group was significantly lower than that in the
mature group; these results were consistent with the results
of bioinformatics analysis. The results of the double-
immunofluorescence analysis suggested that CTSG was
expressed in the intima of the venous vessel wall in both the
mature and immature groups. Interestingly, the CTSG expres-
sion level was significantly lower in the intima of the imma-
ture group than in the mature group, especially in VSMCs.
This suggests that CTSG may promote AVF maturation by
regulating the biological function of VSMCs.

Cathepsin G (CTSG), a member of the serine protease family,
was first identified and named in the azurophilic granules of
neutrophil leukocytes in 1976 [25]. It is mainly secreted by neu-
trophils of leukocytes and is involved in the killing and elimina-
tion of pathogens and remodeling of connective tissue at the
site of inflammation [26]. The David database suggested that
CTSG is located in the nucleus, cell membrane, and extracellular
space, which is consistent with our IHC and
double-immunofluorescence analysis results [27]. CTSG has been
found to play a role in cancer, acute myeloid leukemia, and
inflammatory bowel disease [28-30]. However, the main focus
has been on its function in immune infiltration and induction of
inflammatory responses [31]. CTSG acts as a degradative enzyme
that breaks down ECM components at sites of inflammation,
thereby promoting neutrophil aggregation [32]. In addition, it
increases CTSG expression levels in healthy human fibroblasts.
CTSG expression in fibroblasts induces the conversion of
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Figure 7. Medial fibrosis was more significant in the immature AVFs compared to mature AVFs. (A and B) Representative images of masson’s trichrome
staining (A) and collagen volume fraction were statistically analyzed (B). (C and D) Representative images of collagen | immunohistochemistry staining (C)
and the positive-staining areas were statistically analyzed (D). The black arrows indicated areas of positive collagen | staining, (%) intima, (L) Lumen, and

(M) media. **p<0.01, ***p<0.001. AVF: arteriovenous fistula.

proMMP1 to active MMP1 [33]. We performed downstream bio-
logical pathway and effector analysis of CTSG, and the results
suggested that CTSG activates proMMP1, proMMP8, and
proMMP9, and that CTSG expression levels were positively cor-
related with MMP2 and MMP9 expression levels. Thus, we con-
structed a CTSG overexpression model on VSMCs and found that
CTSG not only upregulated the expression of MMP2 and MMP9
in VMSCs, but also downregulated the expression of collagen |
and collagen lll. These results suggest that VSMCs can promote
ECM degradation and inhibit ECM synthesis through the secre-
tion of CTSG. This may be the primary mechanism by which
CTSG plays a role in AVF maturation.

The exact mechanism of AVF maturation failure is unknown,
but IH and inadequate outward remodeling are thought to be
the main causes [11]. After AVF creation, the veins need to
dilate to adapt to changes in blood flow, thus facilitating AVF
maturation. The net result of the degree of outward

remodeling and extent of endothelial proliferation determines
the caliber of the venous lumen [11]. Most studies have focused
on the pathogenesis of IH and have neglected the contribution
of inadequate outward remodeling of vessels. Martinez et al.
found that excessive fibrotic remodeling of veins after AVF cre-
ation is an important risk factor for inadequate outward remod-
eling of the vessel and that the degree of fibrosis is positively
correlated with AVF non-maturation [10]. Fibrosis of the AVF
vessel wall can be attributed to the excessive synthesis of ECM
by activated smooth muscle cells and myofibroblasts and/or
inadequate degradation of ECM by MMPs, which can lead to
vessel stiffness, thereby limiting the expansion of the vessel
wall and ultimately inhibiting outward remodeling of the vessel
[34]. One study found that treatment of rabbit AVF with recom-
binant elastase PRT-201 promoted outward remodeling of ves-
sels after AVF creation [34,35]. In addition, investigators found
that atorvastatin significantly reduced fibrin deposition and
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Figure 8. Effects of CTSG overexpression on VSMCs. (A) RT-qPCR validation of CTSG overexpression in VSMCs. (B) Validation of CTSG overexpression by
western blotting. (C) mRNA levels of MMP2, MMP9, collagen |, and collagen Il were evaluated by RT-gPCR. (D) Wound healing scratch test was performed

P

at VSMGs. *p<0.05, ***p<0.001, and

macrophage accumulation, and was found to promote structur-
ally effective venous limb outward remodeling [36]. Moreover,
Masson staining results for our AVF tissue samples and IHC
results of collagen | also showed significantly higher medical
fibrosis in the immature AVF group than in the mature AVF
group. These findings suggest that suppressing venous wall
fibrosis after AVF creation could promote outward remodeling
of the vessel wall. An experimental model showed that vascular
outward remodeling highly depends on effective ECM

p<0.0001. VSMCs: vascular smooth muscle cells; MMP: matrix metalloproteinase.

reorganization [31]. At the biological level, the reorganization of
these ECMs mainly depends on the upregulation of proteases,
such as MMPs and histones [37]. Therefore, we selected
ECM-related modules to screen for key genes during WGCNA.
We found that CTSG not only upregulated the expression of
MMP2 and MMP9 in VMSCs but also downregulated the
expression of collagen | and collagen Il to reduce ECM further.
These results suggest that CTSG may degrade ECM in the
media by promoting the secretion of MMP2 and MMP9 in
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VSMCs and inhibiting the secretion of collagen from VSMCs,
thus reducing the extent of medial fibrosis and promoting the
outward remodeling of AVF vessels.

There are several limitations in this study. First, the
RNA-Seq method detects the expression of all RNA within a
sample and does not localize to specific cells, which might
introduce biases. Secondly, numerous other factors, such as
medications, abnormal shear stress on the vessel wall, and
other abnormal mechanical forces, have the potential to
influence the development of AVF, and these influences were
not corrected in our study. Third, the sample size was small,
and samples were collected solely from a single center.

Despite these limitations, our work charts a new path for
understanding the mechanism underlying AVF non-maturation.
Moreover, previous studies on GSE119296 [13] primarily com-
pared preoperative samples between mature and immature AVF
veins, with no statistically significant differences found in post-
operative AVF veins samples. The study integrating the
GSE220796 and GSE119296 datasets focused on analyzing tran-
scriptomic changes during the vein to AVF transformation in
AVFs that remained immature compared with those that
matured [14]. Our research integrated samples from both data-
sets and focused on the expression variances between postop-
erative mature and immature AVF samples. We then integrated
multiple approaches to screen for critical molecules associated
with AVF non-maturation. We further validated the expression
of gene in human AVF samples and explored the underlying
mechanism of the gene CTSG in in vitro experiment. Our data
highlight the potential role of CTSG as a novel ECM regulatory
factor in postoperative venous remodeling. Targeting CTSG for
perivascular intervention during AVF creation may be a feasible
strategy to improve venous outward remodeling in AVFs.

In summary, in this study, we analyzed the DEGs between
mature and immature AVFs using the GEO publicly datasets
to determine their biological functions and screened them
for the hub gene CTSG. Finally, we constructed a CTSG over-
expression model in VSMCs. We found that CTSG upregu-
lated the expression of MMP2 and MMP9 in VMSCs and
downregulated the expression of collagen | and collagen Il
thus facilitating further degradation of ECM. In addition,
CTSG expression inhibits VSMC migration. This study provides
evidence for a mechanism to reduce the non-maturation rate
of AVFs, thereby increasing the rate of AVFs maturation.
However, the deeper mechanisms of action of CTSG require
further exploration. Future research will concentrate on
understanding the role of CTSG by silencing its expression
with lentivirus therapies or knockout models.
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