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Background: Uteropelvic junction obstruction (UPJO) is a common surgical condition, which refers to the 
blockage of urine flowing through kidney into proximal upper ureter. However, the underlying mechanism 
of UPJO is poorly understood, especially the regulated and targeted genes of sirtuin 1 in UPJO.
Methods: We sequenced three renal tissues on the obstructed side of independent children with <20% 
differential renal function (DRF) and three samples with >40% DRF. Gene expression values were obtained 
and compared for differentially expressed genes (DEGs). Protein-protein interaction (PPI) analysis was 
conducted to identify the overlapping proteins of DEGs and Sirtuin 1 (SIRT1). The co-expression genes of 
overlapped genes were computed using Pearson correlation coefficient. The potential role of SIRT1 gene in 
UPJO was explored by resequencing 3 microarray data from RNA interference (RNAi) SIRT1 lines of renal 
tubular epithelial (NRK52E) cells in rat and three control datasets were sequenced again. The DEGs were 
obtained as parallel. GO/KEGG enrichment analysis and co-expression network were conducted to explore 
the underlying mechanism, particularly shared pathways or function in GO/KEGG enrichment analysis 
results. 
Results: A total of 427 up-regulated genes and 1,099 down-regulated genes were identified among 3 mRNA-
seq of renal tissue on the obstructed side of the independent children with <20% DRF and 3 samples with 
>40% DRF. According to prediction using the Search Tool for Retrieval of Interacting Genes/Proteins, 2 
PPIs, FOXO1 and PPARGC1A, were identified among 2,524 DEGs, predicted as targets of SIRT1. Gene set 
enrichment analysis (GSEA) of their co-expression genes showed they may co-participate in biological activities 
including fatty acid degradation, regulation of signal transduction by p53 mediator. Moreover, GSEA results of 
DEGs was confirmed through RNAi SIRT1 lines of rat renal tubular epithelial (NRK52E) cells. 
Conclusions: UPJO may cause abnormal phenotypic changes of renal tubular epithelial cells through 
SIRT1/FOXO1 mediated protein transport, establishment of protein localization, and intracellular transport. 
In addition, UPJO is involved in regulation of signal transduction, regulation of intracellular estrogen 
receptor signaling pathways, and nucleoprotein localization through SIRT1/PPARGC1A-mediated p53 
mediators, causing abnormal phenotypic changes in renal tubular epithelial cells.
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Introduction

Ureteropelvic junction obstruction (UPJO) is a common 
congenital surgical condition (1-3). It involves blockage 
of the flow of urine through the kidney into proximal 
upper ureter. The pathogenesis of UPJO can be explained 
by gross changes in the ureteral wall (4,5). The majority 
of UPJO cases are congenital and caused by mechanical 
ureteral obstruction (4,6). Timely treatment of UPJO 
is important to avoid chronic infection, urolithiasis, and 
frequent deterioration of renal function (7,8). Although 
UPJO be addressed surgically, some patients still experience 
kidney disease after surgery. The damage does not recover 
or even progresses, and the long-term renal function 
deteriorates, eventually requiring hemodialysis and kidney 
transplantation, which seriously affects the quality of life 
of children and their families (9-11). Although it is a fairly 
common disease, there is still a lack of understanding of the 
underlying mechanism of UPJO. Recently, several studies 
have reported that many different proteins participate in 
regulating the formation of mechanical ureteral obstruction 
and leading to UPJO (12). However, in-depth research on 
the regulation mechanism of early renal injury in obstructive 
nephropathy, early diagnosis and early treatment, and 
delaying the renal function damage caused by obstructive 
nephropathy, has great economic and social significance in 
the familial and broader social settings. 

Silent information regulator factor 2-related enzyme 
1 (Sirtuin 1, SIRT1) is an important protein of the class 
III histone deacetylases family, which performed as a 
nicotinamide adenine dinucleotide-dependent deacetylase, 
participating in deacetylating histone proteins and other 
transcription factors. SIRT could also regulate many 
different biological processes such as gene transcription, 
energy metabolism, and oxidative stress (13-24). Abundantly 
expressed in the kidney, SIRT1 participated in renal 
physiologic and pathologic phenotypes. In addition to the 
unilateral ureteral obstruction model, the up-regulation 
of SIRT1 in murine renal medullary interstitial cells was 
reported to repress the COX2 level during oxidative stress-
induced to recovery the interstitium from inflammation 
and fibrogenesis (25). Moreover, the SIRT1 knockout mice 
was showed to be impairment of angiogenesis, reduction 
of matrilytic activity, and retention of the profibrotic 
cleavage substrate tissue transglutaminase as well as 
endoglin-accompanied MMP-14 suppression (26-28).  
Recovery of MMP-14 expression in SIRT1-knock out 
mice was reported as many phenotypic changes including 

improving the angiogenic and matrilytic functions of the 
endothelium, inhibiting renal dysfunction, even attenuating 
nephrosclerosis (29). SIRT1 is a promising drug targeting 
for inhibiting the progression of nephrosclerosis. There 
have been some experiments of acute nutrient withdrawal 
which have mentioned that the forkhead transcription factor 
Foxo3a could be stimulated during interacting with p53 
(25,30). Through combining 2 p53 binding sites at SIRT1 
promoter, Foxo3a could induce the transcription of SIRT1.

However, the role and potential mechanism of the 
SIRT1 and its target gene FOXO1/PPARGC1A in UPJO 
remain unclear. We firstly investigated the regulatory role 
of SIRT1 and its downregulated gene expression during 
UPJO through RNA sequence. Therefore, we explored 
the expression change of genes regulated by SIRT1 in 
RNAi SIRT1 lines of rat renal tubular epithelial (NRK52E) 
cells, in which the expression of SIRT1 was knocked down. 
Concurrently, we compared the differential expression 
between messenger RNA (mRNA)-seq data of the renal 
tissue on the obstructed side of children with <20% DRF 
and 3 samples with >40% DRF. To further explore SIRT1, 
we analyzed its effect based on the prediction of protein-
protein interaction (PPI). We studied the related signaling 
pathway through Gene Ontology/Kyoto Encyclopedia of 
Genes and Genomes (GO/KEGG) enrichment analysis 
and conducted SIRT1-related co-expression network. In 
summary, the aim of our study was to examine the potential 
mechanism of the SIRT1 and its target gene FOXO1/
PPARGC1A in UPJO. We present the following article in 
accordance with the MDAR reporting checklist (available at 
https://dx.doi.org/10.21037/tau-21-752).

Methods

Clinical data acquisition and extraction

The mRNA-seq samples were from renal tissue on the 
obstructed side of the independent children with unilateral 
UPJO undergoing surgical treatment from Department of 
Pediatric Urology, Shengjing Hospital of China Medical 
University, the differential renal function in the treatment 
group was less than 20%, indicating severely impairment, 
while it was greater than 40% in the control group, 
indicating that the renal function was not impaired or was 
slightly injured. The admission criteria for children in 
the treatment group was the renal dynamic scan, which 
indicated that their renal function was less than 20%. The 
entry criteria for children in the control group was that 
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the radionuclide examination indicated that their kidney 
function was greater than 40%. The age of children at 
the time of surgery ranged from 6 to 18 weeks, or 1.5 to  
5 months, and all participants were boys. Specimens of 
kidney tissue were acquired from the children during 
surgery. After the samples were collected, they were placed 
directly in liquid nitrogen, and then transferred to storage 
at −80 ℃ until the time of inspection. All procedures 
performed in this study involving human participants were 
in accordance with the Declaration of Helsinki (as revised 
in 2013). The study was approved by institutional Ethics 
Review Board of Shengjing Hospital of China Medical 
University (No. 2013PS81K) and informed consent was 
taken from all the patients.

Cell culture, transfection and RT-qPCR

Normal rat kidney 52E (NRK52E) cells were purchased 
from American Type Culture Collection (ATCC), cultured 
in Dulbecco’s modified Eagle medium (DMEM; Gibco, 
Life Technologies, Carlsbad, CA, USA) containing 10% 
heat-inactivated fetal bovine serum (FBS; Corning, 
Corning, NY, USA) and 1% antibiotic-antimycotic (Gibco, 
Life Technologies, USA).

The small interfering RNA (siRNA) of SIRT1 was 
transfected in the NRK52E cells using Lipofectamine 
2000 (Invitrogen, Carlsbad, CA, USA) according to the 
manufacturer’s instructions. RT-qPCR was used to detect 
the expression SIRT1 after transfection for 24 h.

Differentially expressed genes

The samples were grouped based on the information of the 
samples, and the differential expression values of sequencing 
data were calculated by R package edgeR (https://cran.
r-project.org/web/packages/edgeRun/edgeRun.pdf) (31) 
and balltown software. Based on the cutoff of false discovery 
rate (FDR) value 0.05, differentially expressed genes (DEGs) 
from the mRNA-seq were determined with the following 
threshold value: log2 |fold change (FC)| =1.2, and DEGs 
from the microarray data were determined with the 
threshold value log2 |fold change| =1.5.

PPI network prediction

The online tool of Search Tool for Retrieval of Interacting 
Genes/Proteins (STRING) (32) was used to predict the 
PPI of the SIRT1 gene. At the same time, the required 

confidence (combined score) >0.7 was selected as the 
threshold value of PPI.

Construction of co-expression network

A co-expression network was constructed with gene pairs 
with Pearson correlation coefficient (PCC) values calculated 
by R of greater than 0.99. The co-expression network is 
displayed by Cytoscape (https://cytoscape.org/) (33).

GO/KEGG enrichment analysis

Based on the GO (34) and KEGG pathway databases (35), 
the candidate genes were used to conduct GO/KEGG 
functional enrichment. The statistical algorithm (Fisher’s 
exact test) was used to determine which specific functional 
items were most related to a group of genes. Each item in 
the analysis results corresponds to a statistical P value to 
represent significance. The smaller the P value, the greater 
the relationship between the item and the input genes, 
that is, most of the genes in the group had the function 
described by the term. The whole analysis procedure was 
showed in Figure 1.

Statistical analysis

GraphPad Prism 8 were performed for analysis. R package 
edgeR (https://cran.r-project.org/web/packages/edgeRun/
edgeRun.pdf) was used to calculate the differential 
expression values. Retrieval of Interacting Genes/Proteins 
(STRING) was used for PPI network prediction. Cytoscape 
(https://cytoscape.org/) was performed for construction 
of co-expression network. The mRNA expression 
quantification was perform using 2−∆∆Ct values. Statistical 
significance was defined as P<0.05.

Results

Identification of DEGs

A total of six mRNA-seq samples were available for further 
analysis, including three samples from the renal tissue on 
the obstructed side of the independent children with less 
than 20% DRF and three samples from renal tissue on the 
obstructed side of the independent children with greater 
than 40% DRF. The gene expression values in these samples 
were obtained and compared for DEGs between samples 
of renal tissue on the obstructed side of the experimental 
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Figure 1 Flow diagram of the analysis procedure: data sources, preprocessing, analysis and validation. GO, Gene Ontology; KEGG, Kyoto 
Encyclopedia of Genes and Genomes; UPJO, ureteropelvic junction obstruction.
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group and the three control group samples. Accordingly, 
1,427 up-regulated genes and 1,099 down-regulated genes 
were acquired in the mRNA-seq data sets from the renal 
tissue on the obstructed side of the experimental group 
samples versus the control group samples (Figure 2A). 
The up-regulated genes included ADIPOQ, GSTT1, and 
GSTM1, among others, while the down-regulated genes 
were KCNE1B, RGPD2, and HLA-DRB5, among others. 
In addition, 3 microarray data from RNAi SIRT1 lines of 
rat renal tubular epithelial (NRK52E) cells and 3 control 
microarray data were sequenced to explore the potential 
role of genes regulated or targeted by SIRT1 in UPJO. 
Similarly, the expression levels of genes in these samples 
were obtained for computing the DEGs. As a result, there 
were 2,382 up-regulated genes and 2,138 down-regulated 
genes in RNAi SIRT1 lines of rat renal tubular epithelial 
(NRK52E) cells, respectively (Figure 2B). The up-regulated 
genes included Wrb, Col1a1, Fam198b, and others, while the 
down-regulated genes were Loxl2, Plscr1, Nucks1, and so on.

Prediction of the target genes of SIRT1 in UPJO

Firstly, the proteins that interact with SIRT1 were predicted 

using the online tools in STRING. From the perspective 
of PPI network of SIRT1 (Figure 3A), the interacting 
relationships covering 11 proteins were shown clearly. 
For example, SIRT1 protein was shown to interact with 
FOXO1, PPARGC1A, EP300, and so on. Among these 
interacted proteins, SIRT1 and HDAC1 are members of the 
histone deacetylases family (36). To further ensure the key 
target genes of SIRT1, overlap analysis was conducted on 
DEGs from RNA-seq and the SIRT1-interacted proteins 
(Figure 3B). We took all 2,526 up/down-regulated genes 
(DEGs) from mRNA-seq samples of the renal tissue on the 
obstructed side of the experimental group versus the control 
group samples to analyze the overlap with SIRT1-interacted 
proteins. Then, there were only 2 overlap genes remaining 
of potential importance in the pathways related with SIRT1. 
The 2 genes were FOXO1 (log2FD =−0.30, P=0.035) and 
PPARGC1A (log2FD =−0.62, P=0.0002), which may be the 
target genes of SIRT1 in UPJO.

The prediction of pathway related to SIRT1 through the 
co-expression network

Firstly, FOXO1 gene was selected for construction of its 
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Figure 2 Volcano maps of differential expressed genes. (A) A volcano map of differential expressed genes from mRNA-seq samples of renal 
tissue on the obstructed side of children with less than 20% DRF versus the 3 samples with greater than 40% DRF; (B) a volcano map of 
differential expressed genes from RNAi SIRT1 lines of rat renal tubular epithelial (NRK52E) cells versus control samples. The x axis in the 
map is the fold change of relative expression rates between the 2 samples (with logarithmic treatment), and the y axis is the statistical test 
value, i.e., P value. The higher −log10 (P value) was, the more significant the difference was. Each dot in the graph demonstrated a gene, the 
red dot shows the up-regulative gene, the blue dot indicates the down-regulative gene, and the gray dot indicates no significant difference 
gene. DRF, differential renal function; mRNA, messenger RNA.
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Figure 3 PPI network of SIRT1 and its Venn diagram. (A) Nodes represent genes and edges indicate interaction between 2 proteins. The 
more edges connected to a node, the more important the protein is in the network. (B) Venn diagram of 2 gene sets. One gene set in red 
represents the DEGs obtained from the mRNA-seq data of the renal tissue on the obstructed side of the independent children with <20% 
DRF versus samples with >40% DRF. The other gene set in blue indicates the proteins interacted with SIRT1 gene. PPI, protein-protein 
interaction; DEG, differentially expressed gene; DRF, differential renal function.
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co-expression networks, respectively. Firstly, co-expression 
FOXO1 and its GSEA were mainly identified based on 
their intersecting PCC values, the results showed the 
co-expression genes of FOXO1 were shown to include 
ZC3H15, ZZZ3, ANO10, INVS, and UBE2G1 (Figure 4A). 
We conducted enrichment analysis of the down-regulated 
genes from mRNA-seq samples of the renal tissue on the 
obstructed side of the experimental group due to the down-
regulation gene FOXO1. Positive expression with FOXO1 
was detected in these genes. Through GO enrichment 
analysis of FOXO1, the co-expression genes were shown to be 
mainly enriched in the process of carboxylic acid metabolism, 
organic acid metabolism, monocarboxylic acid metabolism, 
carboxylic acid decomposition, and other biological processes 
(BP; Figures 4B). In KEGG pathways, they mainly involved 
in metabolic pathways, fatty acid degradation, and the 
degradation of valine, leucine, and isoleucine (Figure 4C). 
Moreover, the heatmap of GO enrichment analysis results 
(Figure 5A) and the heatmap of GO enrichment analysis 
results with the fold change of gene expression (Figure 5B) 
were also proved that the co-expression genes were enriched 
in those biological processes.

Then, co-expression PPARGC1A and their GSEA were 
mainly demonstrated dependent on their intersecting 
PCC values (Figure 6A), and the co-expression genes of 
PPARGC1A included GOLIM4, CHORDC1, ZNF470, 
SLTM, KIF16B, and so forth. The co-expression genes of 
PPARGC1A  were subjected to GO (Figure 6B) enrichment 
analysis. The co-expression genes of PPARGC1A were 
mainly enriched in the GO terms of protein localization 
to nucleolus, regulation of signal transduction by class p53 
mediator, monocarboxylic acid metabolism, carboxylic acid 
decomposition, and other BP (Figures 6B,7A,7B), while 
there were no significant enriched terms in the analysis of 
KEGG pathway for them.

Further validation of pathways related to SIRT1 in RNAi 
SIRT1 lines of rat renal tubular epithelial (NRK52E) cells

To further validate the pathways related to SITR1, we 
conducted the GO enrichment analysis of up-regulated 
genes in RNAi SIRT1 lines of rat renal tubular epithelial 
(NRK52E) cells versus control samples. After RNAi SIRT1 
lines of rat renal tubular epithelial (NRK52E) cells, RT-
qPCR was performed to confirm that the expression of 
SIRT1 in SIRT1-RNAi NRK52E cells was significantly 
downregulated (Figure S1). However, there is not significant 
phenotype change of NRK52E cells before and after RNAi 

Sirt transfection (photos were not showed). The analysis 
results suggested that these genes are mainly enriched in 
BP such as positive regulation of protein metabolism, tissue 
development, regulation of protein metabolism process, and 
regulation of signal transduction (Figure 8A). The KEGG 
pathway enrichment analysis revealed that they were likely 
involved in cancer associated proteoglycan, AGE-RAGE 
signaling pathway, FOXO signaling pathway, endocrine 
resistance, and other signaling pathways (Figure 8B). 

Next, we performed Venn diagram analysis of the above 
GO terms and FOXO1/PPARGC1A co-expression gene 
enrichment results (Figure 8C,8D). On the one hand, it was 
revealed that FOXO1 co-expressed gene enrichment results 
and RNAi sirt1 cell lines’ enrichment results shared 85 
GO BP terms (Table 1), mainly including protein transport, 
establishment of protein localization, intracellular transport, 
regulation of ubiquitin-dependent protein catabolism, and 
other biological processes. Accordingly, UPJO may cause 
abnormal phenotypic changes of renal tubular epithelial 
cells through SIRT1/FOXO1 mediated protein transport, 
the establishment of protein localization, and intracellular 
transport. On the other hand, it was shown that PPARGC1A 
co-expression gene enrichment results and RNAi SIRT1 
cell lines’ enrichment results shared 21 GO BP terms 
(Table 2), including p53-type mediators to regulate signal 
transduction, the regulation of intracellular estrogen 
receptor signaling pathways, nuclear protein localization 
and other BP. Overall, is was determined that UPJO 
regulates signal transduction, regulation of intracellular 
estrogen receptor signaling pathways, and nucleoprotein 
localization through SIRT1/PPARGC1A-mediated p53 
mediators, causing abnormal phenotypic changes in renal 
tubular epithelial cells.

Discussion

The disease UPJO is characterized by the blockage during 
urine flowing through the kidney into proximal upper 
ureter. The pathogenesis of UPJO is related to gross 
changes in the ureteral wall (4,5). Therefore, we analyzed 
samples from the renal tissues of children with DRF <20% 
and >40%. There were 427 up-regulated genes and 1,099 
down-regulated genes obtained from the datasets from 
the renal tissues of children with DRF <20% versus with 
samples with DRF >40%. Differential analysis was also 
performed in the RNAi SIRT1 cell lines and control cell 
lines, which indicated the expression changes of genes might 
be regulated or targeted by SIRT1 in the UPJO-related 

https://cdn.amegroups.cn/static/public/TAU-21-752-Supplementary.pdf
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Figure 4 The co-expression network of gene FOXO1 and their GSEA. (A) The co-expression network of gene FOXO1. (B) GO 
enrichment analysis of the co-expression genes of FOXO1. The x axis demonstrated the GO term, and the y axis show the enrichment 
level, corresponding to the height of the column. The greater the enrichment score value, the more significant the GO term is enriched. 
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and the color of the point represents the different P value. GSEA, gene set enrichment analysis; GO, Gene Ontology; KEGG, Kyoto 
Encyclopedia of Genes and Genomes. 



4199Translational Andrology and Urology, Vol 10, No 11 November 2021

  Transl Androl Urol 2021;10(11):4192-4205 | https://dx.doi.org/10.21037/tau-21-752© Translational Andrology and Urology. All rights reserved.

A B Fi
gu

re
 5

 T
he

 h
ea

tm
ap

 o
f 

G
O

 e
nr

ic
hm

en
t 

an
al

ys
is

 r
es

ul
ts

 f
ro

m
 F

O
X

O
1 

an
d 

co
-e

xp
re

ss
ed

 g
en

es
. (

A
) 

T
he

 h
ea

tm
ap

 o
f 

G
O

 e
nr

ic
hm

en
t 

an
al

ys
is

 r
es

ul
ts

; (
B

) 
T

he
 h

ea
tm

ap
 o

f 
G

O
 e

nr
ic

hm
en

t 
an

al
ys

is
 r

es
ul

ts
 w

ith
 t

he
 f

ol
d 

ch
an

ge
 o

f 
ge

ne
 e

xp
re

ss
io

n 
ra

te
s 

be
tw

ee
n 

th
e 

tw
o 

sa
m

pl
es

 (
w

ith
 lo

ga
ri

th
m

ic
 t

re
at

m
en

t)
. T

he
 x

 a
xi

s 
re

pr
es

en
ts

 t
he

 D
E

G
s,

 a
nd

 
th

e 
y 

ax
is

 r
ep

re
se

nt
s 

th
e 

G
O

 t
er

m
. T

he
 c

ol
or

 in
 p

ur
pl

e 
in

di
ca

te
s 

th
e 

fo
ld

 c
ha

ng
e 

of
 g

en
e 

ex
pr

es
si

on
 r

at
es

 b
et

w
ee

n 
th

e 
tw

o 
sa

m
pl

es
 (w

ith
 lo

ga
ri

th
m

ic
 t

re
at

m
en

t)
. G

O
, G

en
e 

O
nt

ol
og

y;
 D

E
G

, d
iff

er
en

tia
lly

 e
xp

re
ss

ed
 g

en
e.



4200 Zhao et al. Mechanism of SIRT1 and FOXO1/PPARGC1A in UPJO

  Transl Androl Urol 2021;10(11):4192-4205 | https://dx.doi.org/10.21037/tau-21-752© Translational Andrology and Urology. All rights reserved.

A B

E
nr

ic
hm

en
t s

co
re

4

3

2

1

0

Significant go terms

Figure 6 The co-expression network of PPARGC1A and their GSEA analysis. (A) The co-expression network of PPARGC1A. (B) GO 
enrichment analysis of the co-expression genes of PPARGC1A. The x axis represents the GO term, and the y axis represents the significance 
level of enrichment, corresponding to the height of the column. The greater the enrichment score value, the more significantly the GO term 
is enriched. GSEA, gene set enrichment analysis; GO, Gene Ontology.

pathways and BP caused by the knock down of SIRT1.
We predicted the PPIs of SIRT1 using the STRING 

database, one of which was HDAC1. This relationship 
corresponds with the previous published views of the 
function of SIRT1 and HDAC1 (36). Catalytic-independent 
neuroprotection by SIRT1 is mediated through interaction 
with HDAC1. To elucidate their role in UPJO, follow-up 
studies will need to be conducted in the future. As all 2,524 
DEGs only had 2 interacting proteins predicted, FOXO1 
and PPARGC1A were identified as serving as the targets 
of SIRT1. SIRT was reported to deacetylate and activate 
the PPARGC1A and FOXO1 to effect gluconeogenesis 
in liver (37). Moreover, as reported by Cheng et al. (38), 
FOXO1 could inhibit the acetylation of PPARGC1A to 
recover mitochondrial oxidation. Moreover, FOXO1 as 
transcription factors was reported to be coactivated by 
PPARGC1A to regulate the downstream protein expression 
including gluconeogenic target proteins (39). Moreover, 
both FOXO1 and FOXO3 as transcription factors likely 
combine 2 p53 binding sites in the SIRT1 promoter, and 
stimulate SIRT1 transcription, but FOXO3 is outside the 

scope of DEGs from the mRNA-seq datasets of children.
Through the co-expression network analysis, it was 

revealed that their co-expression genes seem to act 
with them in UPJO. The GSEA analysis of FOXO1 co-
expression genes clearly specified that they may take part in 
biological activity together, including fatty acid degradation, 
and the degradation of valine, leucine, and isoleucine. 
Similarly, the GSEA analysis of PPARGC1A co-expression 
genes implicitly reinforced that they have a relationship 
with protein localization to nucleolus, regulation of signal 
transduction by class p53 mediator, monocarboxylic acid 
metabolism, carboxylic acid decomposition, and other BP.

At the moment, there have been 2,382 up-regulated 
genes and 2,138 down-regulated genes identified in RNAi 
SIRT1 cell lines, respectively. The GSEA results were 
subjected to overlap analysis with the above terms of co-
expression genes from the target genes of gene SIRT1. 
Based upon the entire summarized analysis, UPJO may 
give rise to abnormal phenotypic changes of renal tubular 
epithelial cells through SIRT1/FOXO1 protein localized 
and mediated intracellular protein transport. Lastly, UPJO 
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is involved in SIRT1/PPARGC1A-mediated p53 regulation 
of signal transduction and intracellular estrogen receptor 
signaling pathways on the account of nucleoprotein 
localization, and leads to abnormal phenotypic changes 
in renal tubular epithelial cells. However, there is some 
limitation that we did not identify the directly regulation 
effect among SIRT1, FOXO1 and PPARGC1A.

Conclusions

We concluded that UPJO may cause abnormal phenotypic 
changes of renal tubular epithelial cells through SIRT1/
FOXO1 mediated protein transport, the establishment 
of protein localization, and intracellular transport. In 

Table 2 Partial shared BP term from the enrichment analysis of the 
up-regulated genes in RNAi sirt1 cell lines and the co-expression 
genes of FOXO1

ID Term

GO:1901796 regulation_of_signal_transduction_by_p53_
class_mediator

GO:0033146 regulation_of_intracellular_estrogen_
receptor_signaling_pathway

GO:0034504 protein_localization_to_nucleus

GO:0033143 regulation_of_intracellular_steroid_hormone_
receptor_signaling_pathway

GO:0030162 regulation_of_proteolysis

BP, biological process; GO, Gene Ontology.

Figure 8 Analysis of up-regulated genes in RNAi SIRT1 lines versus control lines. (A) GO enrichment analysis of the up-regulated genes in RNAi 
SIRT1 lines. The x axis represents the GO term, and the y axis represents the significance level of enrichment, corresponding to the height of the 
column. The greater the enrichment score value, the more significant the GO term is enriched. (B) KEGG pathway enrichment analysis of the up-
regulated genes in RNAi sirt1 lines. The vertical axis represents the KEGG pathway name, and the horizontal axis represents enrichment score. The 
larger the value, the greater the enrichment degree. The size of the point indicates the number of genes in the pathway, and the color of the point 
corresponds to different P value ranges. (C) Venn diagram of 2 GO term gene sets. One gene set in blue represents the all GO terms (BP, CC, MF) 
obtained from the enrichment analysis of the up-regulated genes in RNAi sirt1 lines. The other gene set in red indicates all GO terms (BP, CC, MF) 
from enrichment analysis of the co-expression genes of FOXO1. (D) Venn diagram of two GO term gene sets. One gene set in blue represents the all 
GO terms (BP, CC, MF) obtained from the enrichment analysis of the up-regulated genes in RNAi sirt1 lines. The other gene set in red indicates all 
GO terms (BP, CC, MF) from enrichment analysis of the co-expression genes of PPARGC1A. The circles with different colors show the GO terms of 
different sample groups, the values represent the common or unique GO terms among different groups, the sum of all numbers in the circle showed 
the total number of GO terms in the group, and the cross area of the circle represents the total number of GO terms among the groups. GO, Gene 
Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; BP, biological process; CC, cellular component; MF, molecular function.

Table 1 Partial shared BP terms from the enrichment analysis 
of the up-regulated genes in RNAi SIRT1 cell lines and the co-
expression genes of PPARGC1A

ID Term

GO:0015031 protein_transport

GO:0015833 peptide_transport

GO:0045184 establishment_of_protein_localization

GO:0046907 intracellular_transport

GO:2000058 regulation_of_ubiquitin-dependent_protein_
catabolic_process

BP, biological process; GO, Gene Ontology.

rat_05

1396 21 29

PPARGC1ADrat_05

1332 85 138

foxo 1C
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the meantime, UPJO is involved in regulation of signal 
transduction, regulation of intracellular estrogen receptor 
signaling pathways, and nucleoprotein localization through 
SIRT1/PPARGC1A-mediated p53 mediators, causing 
abnormal phenotypic changes in renal tubular epithelial cells.
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