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High CD133 expression in proximal tubular @

cells in diabetic kidney disease: good or bad?

Yuhan Zhang'%3, Lusi Xu', Congcong Guo', Xianzhi Li', Yutian Tian', Lin Liao'” and Jianjun Dong®’

Abstract

Background Proximal tubular cells (PTCs) play a critical role in the progression of diabetic kidney disease (DKD).

As one of important progenitor markers, CD133 was reported to indicate the regeneration of dedifferentiated PTCs
in acute kidney disease. However, its role in chronic DKD is unclear. Therefore, we aimed to investigate the expression
patterns and elucidate its functional significance of CD133 in DKD.

Methods Data mining was employed to illustrate the expression and molecular function of CD133 in PTCs in human
DKD. Subsequently, rat models representing various stages of DKD progression were established. The expression

of CD133 was confirmed in DKD rats, as well as in human PTCs (HK-2 cells) and rat PTCs (NRK-52E cells) exposed

to high glucose. The immunofluorescence and flow cytometry techniques were utilized to determine the expres-
sion patterns of CD133, utilizing proliferative and injury indicators. After overexpression or knockdown of CD133

in HK-2 cells, the cell proliferation and apoptosis were detected by EdU assay, real-time cell analysis and flow analysis.
Additionally, the evaluation of epithelial, progenitor cell, and apoptotic indices was performed through western blot
and quantitative RT-PCR analyses.

Results The expression of CD133 was notably elevated in both human and rat PTCs in DKD, and this expression
increased as DKD progressed. CD133 was found to be co-expressed with CD24, KIM-1, SOX9, and PCNA, suggest-
ing that CD133+ cells were damaged and associated with proliferation. In terms of functionality, the knockdown
of CD133 resulted in a significant reduction in proliferation and an increase in apoptosis in HK-2 cells compared

to the high glucose stimulus group. Conversely, the overexpression of CD133 significantly mitigated high glucose-
induced cell apoptosis, but had no impact on cellular proliferation. Furthermore, the Nephroseq database pro-
vided additional evidence to support the correlation between CD133 expression and the progression of DKD.
Analysis of single-cell RNA-sequencing data revealed that CD133+ PTCs potentially play a role in the advancement
of DKD through multiple mechanisms, including heat damage, cell microtubule stabilization, cell growth inhibition
and tumor necrosis factor-mediated signaling pathway.

Conclusion Our study demonstrates that the upregulation of CD133 is linked to cellular proliferation and protects
PTC from apoptosis in DKD and high glucose induced PTC injury. We propose that heightened CD133 expres-

sion may facilitate cellular self-protective responses during the initial stages of high glucose exposure. However, its
sustained increase is associated with the pathological progression of DKD. In conclusion, CD133 exhibits dual roles
in the advancement of DKD, necessitating further investigation.
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Introduction

Diabetic kidney disease (DKD) is a typical microvas-
cular complication of diabetes mellitus and the leading
cause of end-stage renal disease [1, 2]. Proximal tubu-
lar cells (PTCs) are highly susceptible to damage due
to high metabolic demands and play an important role
in the pathogenesis of DKD [3]. Previous studies sug-
gested that PTC lesions already exist at the early stage of
DKD [4, 5]. Recent studies reported PTCs have signifi-
cant regenerative potential. In acute kidney injury, PTCs
undergo dedifferentiation characterized by the upregula-
tion of injury markers and acquire similar characteristics
to progenitor cells to participate in cell proliferation and
renal repair [6—10]. These dedifferentiated cells express
CD133, CD24, vimentin, and other progenitor markers
[8, 11-13]. Additionally, kidney biopsies demonstrated
that the CD133-positive cell population (CD133+ cells)
was increased after renal insults in patients, indicating
renal repair [13-15].

CD133 is a single-chain transmembrane glycoprotein
encoded by the prominmin 1 gene (PROMI), and it is
expressed on immature haematopoietic stem cells, tissue-
specific progenitor cells, and cancer stem cells [16, 17].
In nonneoplastic kidney disease, CD133 is modulated by
hypoxia and has been shown to promote cell prolifera-
tion and inhibit senescence [18, 19]. However, relevant
studies have been limited to acute kidney disease, but not
chronic kidney disease, especially in DKD.

In the present study, we analysed single-cell RNA
sequencing (scRNA-seq) data of human early DKD
combined with DKD models in vitro and in vivo, and
described the expression patterns of CD133 in PTCs. In
addition, we explored the molecular functions of CD133
in cell proliferation and apoptosis in high glucose (HG)
induced PTCs injury and analysed the clinical relevance
of CD133 expression in the progression of DKD. We
found that CD133-positive PTCs (CD133+ PTCs) have
characteristic molecular expressions of repair tendency,
such as PCNA, CD24, vimentin, and SOX9. Though the
increased expression of CD133 could protect PTCs from
apoptosis, our data mining analysis suggested that these
survival CD133+ PTCs or CD133 itself might involved in
the pathogenesis of DKD by various mechanisms.

Materials and methods

Single-cell RNA-sequencing data analysis

The scRNA-seq raw datasets (GSE131882 [20]) were
obtained from Gene Expression Omnibus (https://www.

ncbinlm.nih.gov/geo/). We analysed the data using the
Seurat 3.2.1 (https://cran.r-project.org/web/packages/
Seurat/index.html). Low-quality cells were excluded
if less than 500 or more than 6000, or if mitochondrial
gene content for more than 5%; genes detected in less
than five cells were removed. Before clustering, data were
scaled and variables were regressed out by the Scale-
Data function in Seurat. Then, the RunPCA function and
RunUMAP were employed for dimension reduction. Cell
clustering assignment was performed via FindAllMark-
ers function and based on the marker genes provided by
a previous study [21]. Then, the FeaturePlot function was
used to visualize the gene expression profiles of CD133 in
each cluster. Pearson’s correlation test was applied for the
correlation relationship between each gene and CD133
in the PTC cluster. The top 200 positive co-expressed
genes were mapped into the Functional Annotation tool
of Database for Annotation, Visualization and Integrated
Discovery (DAVID) 6.8 [22] (https://david.ncifcrf.gov/)
to perform Gene Ontology (GO) biological processes
(BP) analysis (p value <0.05). We divided the cells of the
PTC cluster into two sub-clusters according to whether
CD133 was expressed in cell and visualized the differ-
ential genes in each sub-cluster using FindMarkers. The
percentage of cells where the genes with significantly dif-
ferential expression were collected to draw a heatmap
with GraphPad Prism 7.0 (https://www.graphpad.com)
and conduct GO_BP analysis (p value <0.05).

Animals

Male Sprague Dawley rats at 5-6 weeks old were ran-
domly divided into the Sham group, the unilaterally
nephrectomized (Unx) group, and the diabetic kidney
disease (DKD) group (n=230 per group). The Sham group
received a sham operation without kidney damage [23].
To construct an accelerated diabetic nephropathy rat
model, a single intraperitoneal injection of streptozo-
cin (STZ; Solarbio, Beijing, China) at a dose of 45 mg/
kg after 1 week of right nephrectomy [23]. While, the
Unx group received the same nephrectomy, but were
injected with an equal dose of citrate buffer. Three days
after injection, blood glucose levels over 16.7 mmol/L
were considered as diabetes. These three groups then
were randomized into groups (n=10 per group) and
observed for either 4, 8, and 12 weeks. Blood samples
were collected from the tail vein to evaluate blood glu-
cose. At the study time-points, rats were transferred to
metabolic cages individually to collect 24-h urine. Rats
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were sacrificed at the specified time and the left kidneys
were rapidly removed, weighed, and snap-frozen in lig-
uid nitrogen or fixed in 4% paraformaldehyde. In a subset
of rats (n=3 per group), tubular cells were isolated from
fresh renal cortical tissue as described below. The animal
experiments were approved by the Ethics Committee of
Shandong University and followed the Guiding Principles
for the Care and Use of Laboratory Animals of China.

Biochemical, morphometry, and tubulointerstitial fibrotic
analysis

Blood urea nitrogen (BUN) and serum creatinine (SCr)
were detected by an automatic biochemistry analyzer
(Chemray 800, Shenzhen, China), Urinary protein was
measured with a urine protein assay kit (Jiancheng bio-
engineering, Nanjing, China), while urine microalbumin
was determined by using an enzyme-linked immuno-
sorbent assay kit (CUSABIO Engineering Co., Wuhan,
China). The kidney index reflects kidney hypertrophy cal-
culated by kidney weight/body weight (mg/g). The tissues
were embedded in paraffin, and 3—4 mm thick sections
were stained with PAS to demonstrate renal morphology
and structure and mesangial matrix deposition. Tubu-
lointerstitial fibrosis was assessed by Masson staining,
and the extent of fibrosis was defined as the percentage
of fibrotic regions relative to the total tissue area. The
above quantitative analysis was conducted by Image-Pro
Plus 6.0 (Media Cybernetics, Silver Spring, MD, United
States).

Immunohistochemistry

A standard immunohistochemical technique was per-
formed on renal paraffin sections using antibody against
CD133 (ab19898, Abcam, Cambridge, MA, USA) or
NGAL (ab216462, Abcam) at 1:100 dilution [24]. The
expression level of CD133 was assessed by the percent-
age of positive cells in the field of vision. Specifically, the
percentage of CD133 positive cells was the number of
positive cells/the number of nucleix 100%. The expres-
sion level of NGAL was assessed by the ratio between the
NGAL positive area and the total tissue area. The above
quantitative analysis was conducted by Image-Pro Plus
6.0.

Isolation of renal tubular cells

Renal tubular cells were isolated from fresh kidney cor-
tex by mechanical trituration [25-27], to avoid affecting
of glomerular CD133 expression. Briefly, the renal cor-
tices were dissected and minced into small pieces with
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ophthalmic scissors in ice-cold phosphate buffer solu-
tion (PBS). Fluid was discarded, and a type II collagenase
solution (1 mg/mL) was added. After digested at 37 °C for
30 min, tissues were filtered through an 80-mesh strainer
and rinsed with PBS. The filtrates were further filtered
through a 100 pum cell strainer (Biologix, Jinan, China).
The renal tubular cells were harvested on the strainer,
verified under a light microscope, and centrifuged for
extraction of cell protein.

Immunofluorescence analysis

Kidney tissues were fixed in 4% paraformaldehyde and
dehydrated with 30% sucrose overnight. Then the sam-
ples were embedded in OCT (Sakura Finetek, Japan) and
sectioned into 5-8 pm with a cryostat. Antigen repair
buffer (Beyotime Biotechnology, Shanghai, China) was
used for antigen repair. Following permeabilization, sam-
ples were incubated with primary antibodies overnight at
4 °C. The secondary antibodies were supplied at 37 °C for
1 h on the following day. For cell immunofluorescence,
HK-2 cells and NRK-52E cells were seeded on slides in
a six-well plate and incubated in specified treatment for
48 h. The slides were fixed with 4% paraformaldehyde
and permeabilized. After this, cells and tissues were
treated identically in subsequent steps. The primary anti-
bodies include rabbit anti-CD133 (1:100), mouse anti-
CD24 (1:100, sc-70600, Santa Cruz Biotechnology, Santa
Cruz, CA, USA), mouse anti-aquaporin-1 (AQP1, 1:100,
sc-32737, Santa Cruz Biotechnology), mouse anti-Vimen-
tin (1:100, 60330-1-Ig, Proteintech, Wuhan, China),
mouse anti-PCNA (1:100, 60097-1-1Ig, Proteintech), goat
anti-KIM-1 (1:100, AF3689, RD Systems, CA, USA). The
following secondary antibodies were used: Donkey anti-
mouse-Alex 488 (1:400, ab150109, Abcam), goat anti-
rabbit-DyLight 488 (1:100, A23220, Abbkine, Wuhan,
China), goat anti-rabbit-DyLight 594 (1:100, A23410,
Abbkine), and donkey anti-goat-Alexa 647 (1:200, Inv-
itrogen, CA, USA). Nuclear counterstaining was per-
formed using DAPI. Immunofluorescence was visualized
using Nikon A1R confocal microscope, and microscopic
parameters were the following: 20X objective (Air,
NA=0.75, WD=1.0 mm), 5X magnification, and the
pixel size was 2.49 umx2.49 pm. Each immunofluores-
cence experiment is performed at a fixed z-position.

Cell culture and treatment

The human proximal renal tubular cell line HK-2 (Ameri-
can TypeCell Collection, Rockville, MD, USA) was pur-
chased from ProCell Corporation (Wuhan, China) and
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cultured in MEM medium supplemented with 10% fetal
bovine serum (Gibco, USA) and 1% penicillin—strep-
tomycin (HyClone, Logan, UT, USA). NRK-53E, a rat
proximal renal tubular cell line, was obtained from Pro-
Cell Corporation and maintained in DMEM with 5% fetal
bovine serum and 1% penicillin—streptomycin. All cells
were incubated at 37 °C with 5% CO,. For high glucose
(HG) treatment, six concentration gradients were set as
10 mM, 20 mM, 30 mM, 40 mM, 50 mM, and 60 mM,
respectively. After a 48-h culture, the protein expression
level of CD133 was detected to determine the optimal
concentration. MEM medium containing 5.5 mM D-glu-
cose was used as the normal glucose (NG) group. The
osmotic pressure was adjusted with mannitol.

CD133 knockdown and overexpression

HK-2 cells were plated in six-well plates at a density
of 2x10° cells overnight. Plasmid and small interfer-
ing RNA (siRNA) transfections were performed using
Lipofectamine 3000 (Invitrogen, USA) according to the
manufacturer protocol. The following siRNA sequences
(GenePharma, Shanghai, China) were used in the study:
sense-CUGGGAAGCUAUUUAAUAA, antisense-UUA
UUAAAUAGCUUCCCAG (siCD133-1); sense-GGC
UGCUGUUUAUUAUUCUTT, antisense-AGAAUA
AUAAACAGCAGCCTT (siCD133-2); sense-GGGCUA
UCAAUCCCUUAAUTT, antisense-AUUAAGGGA
UUGAUAGCCCTT (siCD133-3); sense-UUCUCCGAA
CGUGUCACGUTT, antisense-ACGUGACACGUU
CGGAGAATT (negative control, NC). CD133 overex-
pression plasmid and control plasmid were purchased
from Sino Biological Inc. (HG15024-NE, CV020, Sino
Biological Inc., Beijing, China).

Western blotting

Isolated renal tubular cells of rats, various cultured
HK-2 cells, and NRK-52E cells were lysed with radioim-
munoprecipitation assay (RIPA) buffer (Beyotime) and
separated by SDS-PAGE. Primary antibodies against
CD133 (1:500, Abcam), Vimentin (1:1000, Proteintech),
CK-18 (1:1000, Boster), PCNA (1:1000, Proteintech),

Table 1 Primer sequences
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P53 (1:1000, #2524S, Cell Signaling Technology, MA,
USA), Bax (1:1000, AF0120, Affinity), caspase-3 (1:500,
ab32351, Abcam), cleaved caspase-3 (1:500, BF0711,
Affinity), f-actin (1:5000, TA-09, ZSBIO, Beijing, China)
and PB-tubulin (1:5000, T0023, Affinity, IL, USA) and
conjugated secondary antibodies (1:10,000, ZB-2301,
ZB-2305, ZSBIO) were used. All blots were cut prior to
hybridization with antibodies during blotting. Signals of
targeted proteins were detected by ECL detection Rea-
gent (ED0015-B, Sparkjade, China). Protein expression
levels were normalized to those of B-actin or B-tubulin.

Quantitative RT-PCR

Total RNA was extracted from the cultured cells by
RNAiso Plus (TaKaRa, Dalian, China) referring to the
manufacturer’s protocol. Reverse transcription was per-
formed by a Prime-Script RT reagent kit (TaKaRa). Levels
of mRNA were analysed by quantitative RT-PCR using
SYBR green PCR master mix (Vazyme, Nanjing, China).
The 2722 method was used to calculate the relative
expression levels and fold difference. GAPDH and B-actin
served as internal references. The primer sequences are
provided in Table 1.

Flow cytometry

HK-2 cells were treated in accordance with the particu-
lar experimental groups and harvested by centrifuga-
tion after trypsin—EDTA treatment. The cells then were
washed twice with pre-cooled PBS containing 2% FBS
and resuspended. For every 200 pL of cell suspension,
5 pL of APC conjugated CD24 (17-0247-41, Invitrogen)
and/or PE-conjugated CD133 (12-1338-41, Invitro-
gen) was added and incubated at room temperature for
30 min in dark. After washing twice, cells were resus-
pended in 500 pL PBS and tested by flow cytometer. For
the apoptosis assay, apoptotic cells were measured using
the Annexin V/PI apoptosis detection kit (BD Pharmin-
gen, USA). HK-2 cells were collected as described above.
Following centrifugation, 100 puL of 1x binding buffer was
added. After incubation with 5 uL of Annexin V-FITC
and 5 pL of PI for 15 min, each tube of cells was added

Gene name Forward-sequence Reverse-sequence

CD133 (human) ACTCCTTTTCAGGAGGGCAG CGCGGCTGTACCACATAGAG
Vimentin (human) AGGCGAGGAGAGCAGGATTT AGTGGGTATCAACCAGAGGGA
Z0-1 (human) TCACGCAGTTACGAGCAAGT TGAAGGTATCAGCGGAGGGA
CD133 (rat) TGACTGAAGCCCCAAAGCAA TTATTCTGCCTCCCAGCACG
Vimentin (rat) TTCTCTGGCACGTCTTGACC TCATACTGCTGGCGGACATC
Z0-1 (rat) AACAGAGCCGAGCAGTTAGC GCAACATCAGCAATCGGTCC
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400 pL binding buffer and tested by flow cytometer. Cells
were counted using BD FACS Aria II (BD Biosciences)
and the data was analysed by Flow]Jo 10.6.2.

Proliferation assay

HK-2 cells were seeded in 96-well plates at 8000 cells/well
and treated according to the grouping to detect cell pro-
liferation. The real-time proliferation of cells was moni-
tored by time-lapse phase-contrast imaging using the
IncuCyte S3 Live-Cell Analysis System. Real-time micro-
scopic images were taken at 2-h intervals from 48 h.
IncuCyte Zoom software was used to integrate the cell
confluence algorithm and construct proliferation growth
curves. The EdU assay was also performed using an EAU
assay kit (RiboBio, Nanjing, China) to test cell prolifera-
tion. Briefly, cells were incubated with EdU and stained
with Hoechst 33342, and then visualized under a fluores-
cence microscope (Leica DMi8). The percentage of EAU-
positive cells was calculated by Image-Pro Plus 6.0.

Statistical analysis

All data are expressed as the means +standard error of
the mean (SEM) from at least three independent experi-
ments. Statistical analysis was performed using SPSS Sta-
tistics 22.0 (IBM SPSS Statistics, Chicago, IL). Student’s
t-test was used to compare the significance between the
two groups. For multiple-group comparisons, a one-way
ANOVA followed by post hoc analysis was used. The
correlation analyses were performed using Pearson cor-
relation. A p<0.05 was considered to denote statistical
significance.

Results

ScRNA-seq analysis of CD133 expression and function

in PTCs

After quality control and data normalization, a total
of 157,276 RNA features and 16,999 cells were used for
downstream analysis. According to the differentially
expressed genes in each cluster and canonical marker
genes in a previous study [21], 10 clusters (Fig. 1A) were
identified as: proximal tubular cell (PTC), distal tubu-
lar cell (DTC), collecting duct-principal cell (CD-PC),
distal tubule cell/collecting duct (DTC/CD), collecting
duct-intercalated cell (CD-IC), endotheliocyte (ENDO),
parietal epithelial cell (PEC), podocyte (PODO), mesan-
gial cell (MES), and leukocyte (LEUK). The expression
of marker genes was described with a bubble diagram
to display the characteristic genes of all cell clusters
(Fig. 1B).
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We next described and analysed the CD133 expression
levels. UMARP feature plots (Fig. 1C) showed that CD133
(PROM1I) was primarily clustered in PTC, PEC, DTC,
and CD. CD133 expression was significantly increased
in the PTC cluster in the DKD group compared to that
in the control group (Fig. 1C, D). To further explore
the molecular function of CD133, Pearson’s correlation
analysis was used to compare other genes and CD133
in the PTC cluster to identify significantly positively
coexpressed genes. The top 200 genes (Additional file 4:
Table S1) were used to conduct GO_BP analysis and were
enriched in 36 GO terms (Additional file 5: Table S2), and
the top 15 terms are shown in Fig. 1E, which are asso-
ciated with the regulation of gene expression, cell pro-
liferation, apoptosis, cytoskeleton organization. These
scRNA-seq results demonstrated the increased expres-
sion and possible molecular functions of CD133 in PTCs
in early DKD.

Establishment of the DKD models.

To verify and map the expression of CD133, we estab-
lished DKD rat models at 4, 8, and 12 weeks, which
allowed us to study changes of variable course in the
kidney [28]. As shown in Additional file 6: Table S3, the
body weights of rats in the DKD group were significantly
reduced at each time point. In the DKD group, blood glu-
cose levels increased gradually and reached a maximum
value of the glucose meter (33.3 mmol/L) in the fourth
week. Compared with those in the control group (the
Sham and Unx groups), the kidney/body weight ratio,
blood urea nitrogen (BUN), serum creatinine (Scr), uri-
nary protein, and microalbumin levels in diabetic rats
were significantly elevated from the fourth week and
gradually increased over the time, indicating the pro-
gression of kidney damage (Additional file 1: Fig. SIA—
C). Kidney histology and tubulointerstitial fibrosis were
assessed by PAS staining and Masson staining (Addi-
tional file 1: Fig. SID-F). In DKD rats, slight glomerular
enlargement and tubule dilatation were observed in the
fourth week. At week 8, DKD rats showed mild mesan-
gial matrix hyperplasia, glomerular capillary thicken-
ing, and focal mild interstitial inflammatory infiltration.
In addition to those lesions, mild interstitial fibrosis
appeared at week 12. Furthermore, we performed immu-
nohistochemical analysis using the NGAL antibody to
evaluate the progression of renal tubular injury in DKD,
and NGAL expression was distinctly increased at week
12 compared to that at week 4 and week 8 (Additional
file 1: Fig. S1G).
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CD133 expression was increased in PTCs with the DKD
progression

The expression of CD133 at different time points was
examined by immunohistochemistry and western blot-
ting. The results showed that the CD133 expression was
increased in the renal cortical region in the DKD groups
compared with the Sham group. Notably, the expres-
sion of CD133 in PTCs was significantly increased dur-
ing the progression of DKD, and reached its highest level
at 12 weeks (Fig. 2A, B). Moreover, to exclude the influ-
ence of other renal cells, PTCs were isolated and proteins
were extracted to assess the expression level of CD133.
Meanwhile, the expression level of Vimentin was evalu-
ated, and the results showed that CD133 and Vimentin
expressions were highest at 12 weeks in the DKD group
(Fig. 2C, D). As shown in Fig. 2E, CD133 was expressed
in AQP1 labeled PTCs, and mainly in the cytomem-
brane. Then, other immunofluorescence stainings were
performed to describe the expression patterns of CD133
in kidney tissue of DKD using some indicators that were
co-expressed with CD133 in acute kidney disease. Some
fraction of CD133+ cells co-expressed PCNA, demon-
strating that CD133+ cells with proliferative ability might
be related to repair potential (Fig. 2F). The co-expres-
sion of CD133, CD24, and KIM-1 suggested that CD133
was expressed in damaged PTCs (Fig. 2G). Interest-
ingly, results showed that CD133 and CD24 were mainly
expressed in the cytoplasm. Moreover, CD133 was also
co-expressed with Vimentin (Fig. 2H). According to
previous studies [11, 29], these coexpressing cells were
observed in acute kidney injury and also associated with
renal repair. Another progenitor cell marker SOX9 was
used to validate the progenitor characteristics of CD133+
cells, and results showed that some nuclei of CD133+
cells were SOX9-positive (Fig. 2I). These results indicated
that CD133+ PTCs in DKD were similarly characterized
and displayed to have similar expression patterns with
those in acute kidney disease.

(See figure on next page.)

Page 7 of 19

High glucose induced the increased expression of CD133

in PTCs

HK-2 and NRK-52E cells were cultured for 48 h with
various concentrations of glucose to determine the
optimal HG concentration indicated by CD133 expres-
sion. As shown in Fig. 3A-D, CD133 expression peaked
at 40 mM and 50 mM in response to HG, but too high
of a concentration led to decreased expression. There-
fore, final concentrations of 40 mM and 50 mM were
selected to stimulate the HK-2 and NRK-52E cell lines,
respectively. With increasing intervention times, the
expression of CD133, Vimentin, and PCNA increased
approximately threefold with HG treatment, whereas the
expression of the epithelial marker CK-18 was ~ twofold
reduced (Fig. 3E, F). In addition, the mRNA expression
of corresponding genes was verified. A loss of the epi-
thelial marker ZO-1 was observed, and the HG group
with ~20% reduction compared to the control group at
48 h. The upregulation of CD133 expression seems to be
more drastic in HK-2 cells, with a ~eightfold increase
compared with the NG group (Fig. 3G). The expression
of CD133 was increased ~ threefold with HG treatment
in NRK-52E cells (Fig. 3H). The expressions of Vimen-
tin were upregulated approximately fourfold after HG
stimulation at 48 h both in HK-2 cells and NRK-52E cells
(Fig. 3G, H). To further confirm the expression pattern
of CD133 in PTCs induced by HG, immunofluorescence
analysis was performed in vitro. CD133/CD24 double-
positive cells (CD133+/CD24+ cells) were increased
~threefold by HG stimulation. Similarly, the coexpres-
sion of CD133 and Vimentin and the coexpression of
CD133 and PCNA also increased ~threefold after the
cells were incubated with HG (Fig. 4A, B), and these were
consistent with those of our in vivo experiments. Co-
expression of CD133 and CD24 showed that CD24 was
independently expressed, while CD133 was not, during
NG intervention. We therefore performed flow cytom-
etry to determine the expression pattern of CD133+/
CD24+ cells in HK-2 cells. As expected, CD133+/CD24+

Fig. 2 The expression patterns of CD133 in DKD rats. A The expression levels of CD133 were determined in different duration groups. The

black arrows point to some of CD133-positive (CD133+) cells. Scale bar: 50 um. B Semiquantitative analysis of CD133+ cells in kidney. C, D The
protein expression levels of CD133 and vimentin in PTCs were detected by Western blotting. E Double-label immunofluorescence for CD133
(red) and aquaporin-1 (AQP1) (green) in rat kidney. Scale bar: 50 pm. F Double-label immunofluorescence for CD133 (green) and PCNA (red). G
Triple-label immunofluorescence for CD133 (red), CD24 (green), and KIM-1 (white). White arrows indicate enlarged regions shown in the right
panels. H Double-label immunofluorescence for CD133 (red) and vimentin (green). | Double-label immunofluorescence for CD133 (green)

and SOX9 (red). Scale bar: 20 pm. Immunofluorescence staining was performed in 12-week DKD rats. *p < 0.05, **p <0.01 versus the Sham group;

#5<0.05,%p<0.01 versus the DKD group; ns: indicates nonsignificant
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cells were markedly increased by ~25% after HG stimula-
tion for 48 h and almost all HK-2 cells expressed CD24
(Fig. 4C-E). These results indicated that HG-induced
increased expression of CD133 in PTCs, and the expres-
sion patterns of CD133 in vitro were similar to those
in vivo.

The protective effects of CD133 in HG-induced PTCs injury

ScRNA-seq analysis indicated that genes that were coex-
pressed with CD133 were enriched in various biological
processes, such as regulation of cell proliferation, injury
repair, and cell apoptosis. We tested three small inter-
ference sequences of CD133 (siCD133-1, siCD133-2,
siCD133-3); siCD133-1 had the best interference effects
and was selected for subsequent experiments (Fig. 5A).
The expression of CD133 and PCNA was decreased by
~50% when CD133 was knocked down in the presence
of HG compared to that in the HG group, while the
expression levels of Vimentin did not (Fig. 5B, C). Then,
EdU and real-time cell proliferation assay were used
to evaluate the effect of CD133 on proliferation regula-
tion in the context of HG. The cell proliferation rate was
not elevated under HG conditions, but it was signifi-
cantly reduced by ~ twofold in the HG+siCD133 group
(Fig. 5D-F). Additionally, these results were further
validated using another siRNA (siCD133-2) (Additional
file 2: Fig. S2A-D). However, CD133 overexpression
showed no increase in PCNA level and cell proliferation
in NG or HG condition (Additional file 3: Fig. SSA-E). In
addition to proliferation, PCNA is also involved in DNA
damage repair, and we conjecture that the upregula-
tion of PCNA might be associated with the activation of
damage repair processes under HG stimulation. Hence,
P53, a critical upstream factor in cell repair, was exam-
ined and we found that P53 was upregulated in the HG
group. Rather unexpectedly, P53 was highly expressed
after the knockdown of CD133, with a ~ twofold increase
compared to the HG group (Fig. 5B, C). The flow cytom-
etry results demonstrated that the percentage of apop-
totic cells was ~60% in the HG group, and it was >10%
in the HG+siCD133 group (Fig. 5G, H). Moreover, the

(See figure on next page.)
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apoptotic proteins Caspase-3, cleaved caspase-3, and
BAX exhibited substantial upregulation after CD133
knockdown under HG conditions (Fig. 51, J). And, the
HG+5iCD133-2 group also demonstrated a noteworthy
increase in Caspase-3 and BAX (Additional file 2: Fig.
S2E, F). Conversely, these apoptotic proteins were signifi-
cantly reduced following CD133 overexpression (Addi-
tional file 3: Fig. S3 F, G). In summary, these findings
indicate that the upregulation of CD133 induced by HG
may serve as a protective factor.

Continual upregulation of CD133 might be instead
involved in the pathological process of DKD

To clarify the significance of the increased expression of
CD133 in DKD, the Nephroseq database (https://www.
nephroseq.org/resource/login.html) was used to evalu-
ate the expression of CD133 (PROM1I) in human kidney
biopsy samples. There were 3 datasets involved mRNA
sequencing in glomerular and tubulointerstitial tissues
in DKD patients [30-32]. As shown in Fig. 6A, CD133
expression was distinctly increased in tubulointerstitial
tissues of DKD compared to the healthy living donor
group. Furthermore, the increasing expression of CD133
was statistically significant in focal segmental glomeru-
losclerosis and IgA nephropathy. However, the highest
CD133 expression median with ~twofold compared to
the healthy living donor group was observed in DKD,
which indicated the special clinical relevance for DKD.
There were no statistical differences in CD133 expression
among groups of glomerular tissues (Fig. 6B). The analy-
sis of the dataset from Woroniecka et al. [32] showed
that the increased expression of CD133 in glomeruli
was statistically significant. The upregulation of CD133
expression in tubulointerstitial tissues was ~ threefold
in the DKD group compared to the healthy living donor
group. However, the expression of CD133 was increased
less than ~ 1.5-fold in glomeruli in the DKD group com-
pared to the control group (Fig. 6C). There was no data
of glomeruli in the dataset from Schmid et al. [30], and
the analysis of tubulointerstitial tissues revealed a simi-
lar result (Fig. 6D). Three datasets were integrated to

Fig. 3 HG-induced the stem/progenitor and mesenchymal cell markers in HK-2 and NRK-52E proximal tubular cell lines. A Western blotting
indicates the effect of various glucose concentrations on CD133 expression levels for 48 h in HK-2 cells and € NRK-52E cells. B Quantification

of CD133 protein expression in HK-2 cells and D NRK-52E cells. **p <0.01 versus the group at 5.5 mM concentration. E, F Western blotting

analysis of CD133, Vimentin, CK-18 and PCNA expression after incubation with HG for different times (0, 6, 12, 24, and 48 h). *p < 0.05, **p < 0.01
versus the HG group at 0 h. G gRT-PCR analysis was carried out to compare the expression level of CD133, Vimentin and ZO-1.The two y-axes
represent relative mRNA levels (left y-axis) or the fold difference in Ct value of HG over the NG group (right y-axis) in HK-2 cells and H NRK-52E cells.

*p<0.05, **p<0.01 versus the group at 0 h
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perform the correlations between CD133 and glomerular
filtration rate (GFR) or NGAL (LCN2). Results showed
that CD133 expression was positively correlated with
the expression of NGAL (LCN2), and negatively cor-
related with GFR (mL/min.1.73 m?) in DKD patients
(Fig. 6E, F). These results demonstrated the specificity of
the increasing expression of CD133 in tubulointerstitial
tissues in DKD, and the clinical relevance of CD133 in
DKD progression. This is in apparent contradiction with
the conclusion previous studies confirmed that CD133+
PTCs could be involved in cell repair and regeneration [8,
11-13].

Therefore, scRNA-seq analysis was further used
to explore whether the property of CD133+ PTCs is
altered in DKD. We reclassified the PTC cluster into
CD133+ and CD133-negative (CD133—) clusters based
on whether CD133 was expressed in both the control
and DKD groups. The results are presented as the per-
centage of cells where the gene is expressed in CD133+
or CD133- cells, which can be understood as the expres-
sion level of gene in CD133+ or CD133— cells. Results
showed that the differential genes between CD133+
and CD133— cells in the DKD group are different from
those in the CTRL group, indicating that the character-
istics of CD133+ cells are changed by DKD. Additionally,
there were significant differences in the expression level
of genes between the CD133+ and CD133— clusters in
control samples, but the differences were reduced in the
DKD group (Fig. 6G). Then, we compared these genes
between the control and DKD groups and conducted
GO_BP analysis. A total of 51 differential genes were
enriched in 57 GO terms in the control group (Addi-
tional file 7: Table S4), and 34 differential genes were
enriched in 50 GO terms in the DKD group (Additional
file 8: Table S5). We display the top 15 Go terms in the
bar chart (Fig. 6H). The results showed that the biological
processes in which CD1334 PTCs involved are altered by
DKD. CD133+ PTCs might contribute to DKD progres-
sion through various mechanisms, such as heat damage,
cell microtubule stabilization, cell growth inhibition, and
tumor necrosis factor-mediated signaling pathway.

(See figure on next page.)
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Discussion

Diabetic kidney disease (DKD) has become the leading
cause of end-stage renal failure [1, 2]. The well-known
RCT studies UK Prospective Diabetes Study (UKPDS)
in type two diabetes [33, 34] and Diabetes Control and
Complications Trial (DCCT) in type one diabetes [35]
demonstrated that intensive hypoglycaemic treatment of
diabetes could decrease proteinuria; however, this treat-
ment could not prevent DKD progression to end-stage
renal failure. The treatment of DKD remains an intracta-
ble clinical problem. The repair process of PTCs in acute
kidney disease is incredibly encouraging, which CD133+
PTCs play an important role [8, 11-13]. However, it is
unclear whether the characteristics of CD133 expression
in DKD patients are similar to those in acute kidney dis-
ease. In the present study, we validated that CD133 was
dominantly expressed in PTCs in DKD rats. Further-
more, we found that though the upregulation of CD133
could protect PTCs from cell apoptosis, these survival
cells or CD133 itself might involved in the pathological
process of DKD.

ScRNA-seq techniques allow us to measure gene
expression in thousands of cells from a kidney biopsy at
a single-cell resolution. Following bioinformatics analy-
sis of the gene expression profile, the expression levels of
each gene were determined in individual cells [36]. Addi-
tionally, the use of single-cell sequencing can help us to
understand differentiation-driven determinants and cell
fate regulation [36]. We found that CD133 was primar-
ily expressed in the proximal and distal tubular cells and
parietal epithelial cells (PECs); however, PTCs exhibited
significant differences in CD133 expressing cell percent-
age and expression level in the DKD group compared
to that in the control group. Previous studies have con-
firmed that CD133 is predominantly expressed in PTCs
[8, 11], and some studies indicated its expression in dis-
tal tubular cells [13, 37]. PECs are defined as epithelial
cells that are attached between podocytes and PTCs,
and some subtypes express stem/progenitor markers,
such as CD133 [38]. Interestingly, our analysis showed
that CD133 was identified in the subcluster of PTCs.
UMAP dimension analysis can describe the continuity

Fig. 4 The expression patterns of CD133 in vitro. A Double-label immunofluorescence for CD133 and CD24 showing HG-induced renal stem/
progenitor phenotype; double-label immunofluorescence for CD133 and vimentin showing HG-induced both progenitor and mesenchymal
phenotype; double-label immunofluorescence for CD133 and PCNA showing the proliferative capability of CD133-positive cells. Scale bar: 10 pm.
B Quantitative data for the ratio of double positive cells. C, D Flow cytometry analysis of CD133 and CD24 populations in HK-2 cells after HG
stimulation. E The percentage of CD133/CD24 co-expressing cells. *p <0.05, **p < 0.01 versus the NG group
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of developmental timing in similar clusters, and we con-
sidered that the PTC subcluster with high expression of
CD133 exhibited dual properties of PTCs and stem/pro-
genitor cells which might be related to dedifferentiated
PTCs. The expression of CD133 in healthy kidneys might
indicate the self-renewal after senescence of tubular cells
[8].

To better verify the expression patterns of CD133
induced by HG, a unique stimulatory factor that pro-
vokes DKD pathology, DKD rat models were estab-
lished by combining STZ and unilateral nephrectomy.
We found that the expression of CD133 significantly
increased in the renal cortex as DKD progressed. Recent
evidence confirmed that dedifferentiated PTCs partici-
pate in renal regeneration in acute kidney disease, which
are usually colabeled with CD133 and CD24 [7, 8, 10]. In
our study, some KIM-1 positive cells co-expressed with
CD133 and CD24, suggesting that some injury PTCs
might have a repair tendency. Immunofluorescence
analysis showed that CD133 was also co-expressed with
Vimentin, which was consistent with the results in acute
kidney disease of Lindgren et al. and Smeets et al. [8, 11].
Brossa et al. indicated that CD133+ cells expressed other
stem/progenitor markers SOX9 [19], and our results
further corroborated the similar expression patterns of
CD133. Further exploration in vitro demonstrated con-
sistent results with those in DKD rats. It is worth noting
that too high a concentration of glucose reduced CD133
expression both in HK-2 cells and NRK-52E cells. On the
one hand, too high a concentration of glucose induced
massive cell death, leading to the decreased expression of
CD133. On the other hand, excessive high glucose tends
to be acute stimulation which was validated to reduce
CD133 expression [9]. The flow cytometry and immu-
nofluorescence results indicated that CD24 was weakly
expressed in all cells in vitro. Romagnani et al. reported
that CD133+ cells always co-expressed with CD24 in
the adult human kidney [39]. However, Shrestha et al.
found CD24 was inherently expressed in three types of
PTCs (HK-2, primary human proximal tubule cells, and
RPTEC/TERT1 cells) [40], suggesting that the expression

(See figure on next page.)
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pattern of CD24 might be altered in vitro, but the specific
mechanism requires further investigation.

Based on scRNA-seq analysis, we found that the molec-
ular function of CD133 was associated with the following
repair-related biological processes, such as cell prolif-
eration, regulation of gene expression, and wound heal-
ing. Therefore, we tend to believe that the upregulation
of CD133 expression represented the potential repair
mechanism of PTCs in DKD. CD133 has been shown to
promote cell proliferation in tubular repair after acute
kidney injury [18, 19]. Our results showed a possibly
positive relationship between CD133 and PCNA in vivo
and in vitro. The coexpression of CD133 and PCNA has
been mentioned in previous studies, which alluded to the
proliferative and repair capability of CD133+ cells [41,
42]. However, in the present investigation, upregulation
of CD133 and PCNA were observed in HK-2 cells under
HG conditions, but there was no effect on cell prolifera-
tion. When CD133 was knocked down, PCNA and cell
proliferation were deceased, while those were not altered
when CD133 was overexpressed. PCNA plays a critical
role in DNA replicative protein and DNA damage repair
[43, 44]. The upregulation of PCNA expression induced
by HG might be attributed to its function related to dam-
age repair. Therefore, CD133 is not a critical upstream
factor promoting cell proliferation but a protective fac-
tor in response to injury. P53 is involved in complicated
biological processes; for instance, P53 is able to medi-
ate cell proliferation and repair by promoting PCNA
expression and inducing apoptosis in response to various
environmental stimuli [45]. Our results showed that the
expression of P53 was increased both in the HG group
and the CD133 knockdown group. We speculate that
HG-induced the activation of P53-mediated cell repair
and apoptosis signaling pathways at the same time, and
this relative balance between cell survival and death was
important for maintaining cell number. However, when
the protective effect of CD133 was abolished, P53-medi-
ated apoptosis pathways were predominant, resulting in
an imbalance. Additionally, CD133 has an anti-apoptotic
effect in the condition of HG, although the underlying

Fig. 5 CD133-knockdown decreased cell proliferation and increased apoptosis under the HG condition in HK-2 cells. A the silencing effectiveness
of CD133 siRNA was verified by gRT-PCR. B, C The expression of CD133, Vimentin, PCNA and P53 was detected by western blotting after CD133
knockdown. D EdU cell proliferation assay. The proliferation cells were double-labeled for EdU (red) and Hoechst 33342 (blue), Scale bar: 25 um.

E Rate of EdU-positive cells. F The results of real-time cell proliferation assay. G, H The apoptosis of HK-2 cells was analysed by flow cytometry.

The total apoptosis rate was the sum of the Q2 and Q3 cell apoptosis ratio. I, J Western blotting analysis of Bax, caspase-3 and cleaved caspase-3
expression in the NG, HG, HG +NC and HG +siCD133 group. *p < 0.05, **p < 0.01 versus the NG group, *p <0.05, p < 0.01 versus the HG +siCD133

group
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mechanism needs to further investigated. Taken together,
the upregulation of CD133 expression is likely a self-pro-
tective response to early injury.

In the present study, we revealed that the expression
of CD133 was gradually increased with the progress of
DKD, however, this seems to contradict the protective
role of CD133 in response to injury. More clinical sam-
ples are essential to clarify the significance of CD133
expression in DKD. Therefore, we used the Nephroseq
database to analyse the clinical relevance of CD133 in
DKD patients. We found that the increasing expression
of CD133 was specific to tubulointerstitial tissues of
DKD. Moreover, CD133 expression was positively cor-
related with NGAL (LCN2) and negatively correlated
with GFR, implying that CD133 might to related to DKD
pathology. Actually, only one previous study reported
that CD133+ cells contributed to the pathology of cres-
centic glomerulonephritis [46]. Our result confirmed that
the expression patterns of CD133 are similar to those in
acute kidney disease and the protective role in response
to HG-induced injury, suggesting the repair tendency of
PTCs in DKD. However, this repair process is affected by
the microenvironment of DKD, CD133 overexpression is
instead involved in DKD pathology. SCRNA-seq analysis
further revealed that the property of CD133+ PTCs is
altered in DKD, and CD133+ PTCs might contribute to
DKD progression through various mechanisms. Further
experimental studies need to illustrate the CD133-related
pathogenetic mechanism of DKD.

Since some research reported that CD133+ cells can
be involved in kidney repair in acute kidney disease,
CD133 has been considered a novel therapeutic approach

(See figure on next page.)
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[47-50]. However, Burger et al. suggested that human
cord blood CD133+ cells exacerbate renal injury [51].
Unexpectedly, CD133+ cells play a bad role in renal
injury, and our results provide preliminary theoretical
support for this surprising result. Inspired by our results,
we proposed a new perspective: CD133 plays distinct
roles in acute and chronic settings. At the beginning
of acute injury, CD133 expression is down-regulated.
However, upregulated CD133 expressions contribute to
cell repair during recovery after the damage stimulus is
removed. In chronic settings, though increased CD133
protect cells from apoptosis, the function of survival
CD133+ cells might be altered by continuous stimuli.
As a result, continually increasing expression levels of
CD133 or CD133+ cells could be involved in the pro-
gression of chronic diseases, like DKD (Fig. 7). Some
previous investigations provide theoretical support: the
function of CD133+ cells was drastically impaired in kid-
ney injury [52-54], and hyperglycemia exerted an effect
on cell stemness [55]. More research is required to clarify
the upstream regulatory mechanism, and in vivo studies
need to be performed to track CD133+ PTCs in chronic
settings to validate this hypothesis.

In conclusion, the present study was the first to dem-
onstrate the role of CD133 in DKD. The anti-apoptosis
capability of CD133 or CD133+4 PTCs might be associ-
ated with DKD progression, which makes us revisit the
regenerative potential and the pathogenicity of PTCs in
DKD. A more complete understanding of the detailed
mechanisms underlying CD133+ cell fate in DKD awaits
future experiments.

Fig. 6 CD133 expression correlates with renal function and tubular injury. A The expression level of CD133 (PROM1) in tubulointerstitial

and glomerular tissues (B) in DKD patients based on the study from Ju et al. C, D The expression level of CD133 (PROMT) in DKD patients based

on the studies from Woroniecka et al. and Schmid et al,, respectively. E Correlation analysis between NGAL (LCN2) and CD133 (PROMT), n=84.

F Correlation analysis between CD133 (PROMT) and GFR (mL/min/1.73 m?), n=73.%p <0.05, *p<0.01 versus the healthy living donor group. G
Heatmaps of differentially expressed genes between CD133+ cells and CD133— cells in the PTC cluster in the DKD and CTRL group, respectively. H
GO_BP enrichment analysis of differentially expressed genes of CD133+ cells in PTC cluster
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Fig. 7 Schematic representation of the proposed hypothesis on the role of CD133+ PTCs in DKD progression. As a unique stimulatory factor

to provoke DKD pathology, high glucose, could promote cell apoptosis. The increased expression of CD133 in PTCs protects cells from apoptosis,
and CD133+ PTCs retain their repair tendency and could be involved in cell regeneration in certain situations. However, the vicious cycle of renal
pathology in DKD makes the functions of CD133+ PTCs impaired and fails to complete the renal repair process, further aggravating kidney injury

and contributing to DKD progression

Abbreviations

BUN Blood urea nitrogen

CD-PC Collecting duct-principal cell

DKD Diabetic kidney disease

DTC Distal tubular cell

DTC/CD Distal tubule cell/collecting duct
EMT Epithelial-mesenchymal transition
GO_BP GO Gene Ontology biological processes
HG High glucose

LEUK Leukocyte

MES Mesangial cell

NC Negative control

NG Normal glucose

PEC Parietal epithelial cell

PODO Podocyte

PTCs Proximal tubular cells

STC Renal resident scattered tubular cell
SCr Serum creatinine

scRNA-seq  Single-cell RNA sequencing

STZ Streptozocin

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512967-024-04950-0.

Additional file 1: Figure S1. The establishment of DKD rat models. A, B
Twenty-four-hour urinary protein and microalbumin reflected impaired
renal function with DKD progression. C Changes in the blood glucose
levels in different duration groups. D PAS staining was used to confirm

the establishment and display the early pathological changes of DKD.
Glomeruli are at X400 magnification, scale bar: 30 um; kidney tubules are
at x200 magnification, scale bar: 50 um. E, F Masson staining analysis.
Scale bar: 50 um. G Immunohistochemical analysis of NGAL. Scale bar:

100 pm. **p < 0.01 versus the Sham group; #p <0.01 versus the Unx group;
&5 <0.01 versus the group of DKD at week 4; ns: indicates nonsignificant.

Additional file 2: Figure S2. siCD133-2 also decreased cell prolifera-

tion and increased apoptosis under the HG condition in HK-2 cells. A, B
The expression of CD133, Vimentin, and PCNA was detected by western
blotting after siCD133-2 intervention. C EdU cell proliferation assay. The
proliferation cells were double-labeled for EdU (red) and Hoechst 33342

(blue), Scale bar: 25 um. D Rate of EdU-positive cells. E, F Western blotting
analysis of Bax and Caspase-3 expression in the NG, HG, HG+NC and

HG +siCD133 group. *p < 0.05, *p < 0.01 versus the NG group, *p<0.05,
#p<0.01 versus the HG +siCD133 group.

Additional file 3: Figure S3. Effects of CD133 overexpression on HK-2

cell proliferation and apoptosis. A The overexpression efficiency of CD133
plasmid was validated by qRT-PCR. B, C The expression of CD133, Vimentin
and PCNA was detected by western blotting after CD133 overexpression.
D EdU cell proliferation assay. The proliferation cells were double-labeled
for EdU (red) and Hoechst 33342 (blue), Scale bar: 25 um. E Rate of EdU-
positive cells. F, G Western blotting analysis of Bax, caspase-3 and cleaved
caspase-3 expression in the NG, HG, HG +Vector and HG + Flag-CD133
group. *p<0.05, **p < 0.01 versus the NG group, *p <0.05, ¥p < 0.01 versus
the HG + Flag-CD133 group.

Additional file 4: Table S1. The top 200 genes that were positively cor-
related with CD733 in the GSE131882 dataset.

Additional file 5: Table S2. A total of 36 GO terms enriched by 200 genes
after GO_BP analysis.

Additional file 6: Table S3. Changes in biochemical parameters in each
group.

Additional file 7: Table S4. A total of 57 GO terms enriched by 51 dif-
ferential genes in the control group after GO_BP analysis.

Additional file 8: Table S5. A total of 50 GO terms enriched by 34 dif-
ferential genes in the DKD group after GO_BP analysis.

Acknowledgements
We were grateful to Dr. Shouhui Guo and Dr. Siyuan Yin for their special dedi-
cation and technical assistance.

Author contributions

YHZ conceived and design this study. LL and JJD supervised the findings of
this work. YHZ, LSX, XZL, YTT and CCG performed the research, analyzed the
data wrote the draft of the manuscript. All authors contribute to review and
approve the final version of the manuscript.

Funding
This work was funded by National Natural Science Foundation of China (No.
81770822,8217033593).



https://doi.org/10.1186/s12967-024-04950-0
https://doi.org/10.1186/s12967-024-04950-0

Zhang et al. Journal of Translational Medicine (2024) 22:159

Availability of data and materials
All data generated or analyzed during this study are available from the cor-
responding author on reasonable request.

Declarations

Ethics approval and consent to participate
The animal experiments were approved by the Ethics Committee of Shan-
dong University.

Consent for publication
Not applicable.

Competing interests
The authors have declared that no competing interest exists.

Author details

'Department of Endocrinology and Metabology, The First Affiliated Hospital
of Shandong First Medical University & Shandong Provincial Qianfoshan
Hospital, Jinan 250014, China. 2Department of Endocrinology, Shandong Pro-
vincial Hospital Affiliated to Shandong First Medical University, Jinan 250021,
Shandong, China. *Shandong Key Laboratory of Endocrinology and Lipid
Metabolism, Jinan 250021, Shandong, China. *Division of Endocrinology,
Department of Internal Medicine, Qilu Hospital of Shandong University,

Jinan 250012, China.

Received: 10 July 2023 Accepted: 3 February 2024
Published online: 16 February 2024

References

1. AllenTJ, Cooper ME, Lan HY. Use of genetic mouse models in the study of
diabetic nephropathy. Curr Atheroscler Rep. 2004;6(3):197-202.

2. Breyer MD, Susztak K. The next generation of therapeutics for chronic
kidney disease. Nat Rev Drug Discov. 2016;15(8):568-88.

3. Tang SC, Lai KN. The pathogenic role of the renal proximal tubular cell in
diabetic nephropathy. Nephrol Dial Transplant. 2012;27(8):3049-56.

4. Barzilay JI, Lovato JF, Murray AM, Williamson J, Ismail-Beigi F, Karl D,
Papademetriou V, Launer LJ. Albuminuria and cognitive decline in
people with diabetes and normal renal function. Clin J Am Soc Nephrol.
2013;8(11):1907-14.

5. Magri CJ, Fava S. Albuminuria and glomerular filtration rate in type 2
diabetes mellitus. Minerva Urol Nefrol. 2011;63(4):273-80.

6. Kramann R, Kusaba T, Humphreys BD. Who regenerates the kidney
tubule? Nephrol Dial Transplant. 2015;30(6):903-10.

7. Humphreys BD, Valerius MT, Kobayashi A, Mugford JW, Soeung S, Duffield
JS, McMahon AP, Bonventre JV. Intrinsic epithelial cells repair the kidney
after injury. Cell Stem Cell. 2008;2(3):284-91.

8. Smeets B, Boor P, Dijkman H, Sharma SV, Jirak P, Mooren F, Berger K,
Bornemann J, Gelman IH, Floege J, et al. Proximal tubular cells contain
a phenotypically distinct, scattered cell population involved in tubular
regeneration. J Pathol. 2013;229(5):645-59.

9. KusabaT, Lalli M, Kramann R, Kobayashi A, Humphreys BD. Differentiated
kidney epithelial cells repair injured proximal tubule. Proc Natl Acad Sci
USA. 2014;111(4):1527-32.

10. Humphreys BD, Czerniak S, DiRocco DP, Hasnain W, Cheema R, Bonventre
JV. Repair of injured proximal tubule does not involve specialized pro-
genitors. Proc Natl Acad Sci USA. 2011;108(22):9226-31.

11. Lindgren D, Bostrom AK, Nilsson K, Hansson J, Sjolund J, Moller C, Jirstrom
K, Nilsson E, Landberg G, Axelson H, et al. Isolation and characterization
of progenitor-like cells from human renal proximal tubules. Am J Pathol.
2011;178(2):828-37.

12. Bussolati B, Bruno S, Grange C, Buttiglieri S, Deregibus MC, Cantino D,
Camussi G. Isolation of renal progenitor cells from adult human kidney.
Am J Pathol. 2005;166(2):545-55.

13. Angelotti ML, Ronconi E, Ballerini L, Peired A, Mazzinghi B, Sagrinati C,
Parente E, Gacci M, Carini M, Rotondi M, et al. Characterization of renal
progenitors committed toward tubular lineage and their regenerative
potential in renal tubular injury. Stem Cells. 2012;30(8):1714-25.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

Page 18 of 19

Hansson J, Hultenby K, Cramnert C, Ponten F, Jansson H, Lindgren D,
Axelson H, Johansson ME. Evidence for a morphologically distinct and
functionally robust cell type in the proximal tubules of human kidney.
Hum Pathol. 2014;45(2):382-93.

Bussolati B, Collino F, Camussi G. CD133+ cells as a therapeutic target for
kidney diseases. Expert Opin Ther Targets. 2012;16(2):157-65.

Yin AH, Miraglia S, Zanjani ED, Aimeida-Porada G, Ogawa M, Leary AG,
Olweus J, Kearney J, Buck DW. AC133, a novel marker for human hemat-
opoietic stem and progenitor cells. Blood. 1997;90(12):5002-12.
Barzegar Behrooz A, Syahir A, Ahmad S. CD133: beyond a cancer stem
cell biomarker. J Drug Target. 2019;27(3):257-69.

Bussolati B, Moggio A, Collino F, Aghemo G, DArmento G, Grange C,
Camussi G. Hypoxia modulates the undifferentiated phenotype of
human renal inner medullary CD133+ progenitors through Oct4/miR-
145 balance. Am J Physiol Renal Physiol. 2012;302(1):F116-128.

Brossa A, Papadimitriou E, Collino F, Incarnato D, Oliviero S, Camussi G,
Bussolati B. Role of CD133 molecule in Wnt response and renal repair.
Stem Cells Transl Med. 2018;7(3):283-94.

Wilson PC, Wu H, Kirita Y, Uchimura K, Ledru N, Rennke HG, Welling

PA, Waikar SS, Humphreys BD. The single-cell transcriptomic land-

scape of early human diabetic nephropathy. Proc Natl Acad Sci USA.
2019;116(39):19619-25.

Liao J,Yu Z, Chen Y, Bao M, Zou C, Zhang H, Liu D, Li T, Zhang Q, Li J, et al.
Single-cell RNA sequencing of human kidney. Sci Data. 2020;7(1):4.
Huang DW, Sherman BT, Lempicki RA. Systematic and integrative analysis
of large gene lists using DAVID bioinformatics resources. Nat Protoc.
2008;4(1):44-57.

ZhaoT, Zhang H, ZhaoT, Zhang X, Lu J, Yin T, Liang Q Wang Y, Luo G, Lan
H, et al. Intrarenal metabolomics reveals the association of local organic
toxins with the progression of diabetic kidney disease. J Pharm Biomed
Anal. 2012;60:32-43.

Magnusson JP, Goritz C, Tatarishvili J, Dias DO, Smith EM, Lindvall O,
Kokaia Z, Frisen J. A latent neurogenic program in astrocytes regulated by
Notch signaling in the mouse. Science. 2014,;346(6206):237-41.

Felekkis KN, Koupepidou P, Kastanos E, Witzgall R, Bai CX, Li L, Tsiokas L,
Gretz N, Deltas C. Mutant polycystin-2 induces proliferation in primary rat
tubular epithelial cells in a STAT-1/p21-independent fashion accom-
panied instead by alterations in expression of p57KIP2 and Cdk2. BMC
Nephrol. 2008;9:10.

Kreisberg JI, Mills JW, Jarrell JA, Rabito CA, Leaf A. Protection of cultured
renal tubular epithelial cells from anoxic cell swelling and cell death. Proc
Natl Acad Sci USA. 1980;77(9):5445-7.

Wen D, NiL, You L, Zhang L, Gu Y, Hao CM, Chen J. Upregulation of nestin
in proximal tubules may participate in cell migration during renal repair.
Am J Physiol Renal Physiol. 2012;303(11):F1534-1544.

Zhang Y, Ma KL, Gong YX, Wang GH, Hu ZB, Liu L, Lu J, Chen PP,

Lu CC, Ruan XZ, et al. Platelet microparticles mediate glomerular
endothelial injury in early diabetic nephropathy. J Am Soc Nephrol.
2018;29(11):2671-95.

Guo G, LiY, Zhang R, Zhang Y, Zhao J, Yao J, Sun J, Dong J, Liao L. Protec-
tive effect of salidroside against diabetic kidney disease through inhibit-
ing BIM-mediated apoptosis of proximal renal tubular cells in rats. Front
Pharmacol. 2018;9:1433.

Schmid H, Boucherot A, Yasuda Y, Henger A, Brunner B, Eichinger F,
Nitsche A, Kiss E, Bleich M, Grone HJ, et al. Modular activation of nuclear
factor-kappaB transcriptional programs in human diabetic nephropathy.
Diabetes. 2006;55(11):2993-3003.

JuW, NairV, Smith S, Zhu L, Shedden K, Song PXK, Mariani LH, Eichinger
FH, Berthier CC, Randolph A, et al. Tissue transcriptome-driven identifica-
tion of epidermal growth factor as a chronic kidney disease biomarker.
SciTransl Med. 2015;7(316):316ra193.

Woroniecka KI, Park AS, Mohtat D, Thomas DB, Pullman JM, Susztak K.
Transcriptome analysis of human diabetic kidney disease. Diabetes.
2011,60(9):2354-69.

UK Prospective Diabetes Study (UKPDS) Group. Effect of intensive blood-
glucose control with metformin on complications in overweight patients
with type 2 diabetes (UKPDS 34). Lancet. 1998;352(9131):854-65.

UK Prospective Diabetes Study (UKPDS) Group. Intensive blood-glucose
control with sulphonylureas or insulin compared with conventional treat-
ment and risk of complications in patients with type 2 diabetes (UKPDS
33). Lancet. 1998;352(9131):837-53.



Zhang et al. Journal of Translational Medicine

35.

36.

37.

38.
39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

(2024) 22:159

Diabetes Control and Complications Trial Research Group, Nathan DM,
Genuth S, Lachin J, Cleary P, Crofford O, Davis M, Rand L, Siebert C. The
effect of intensive treatment of diabetes on the development and
progression of long-term complications in insulin-dependent diabetes
mellitus. N Engl J Med. 1993;329(14):977-86.

Potter SS. Single-cell RNA sequencing for the study of development,
physiology and disease. Nat Rev Nephrol. 2018;14(8):479-92.

Sallustio F, De Benedictis L, Castellano G, Zaza G, Loverre A, Costantino
V, Grandaliano G, Schena FP. TLR2 plays a role in the activation of human
resident renal stem/progenitor cells. FASEB J. 2010;24(2):514-25.

D'Agati VD, Shankland SJ. Recognizing diversity in parietal epithelial cells.
Kidney Int. 2019;96(1):16-9.

Romagnani P, Remuzzi G. CD133+ renal stem cells always co-express
CD24 in adult human kidney tissue. Stem Cell Res. 2014;12(3):828-9.
Shrestha S, Somiji S, Sens DA, Slusser-Nore A, Patel DH, Savage E, Gar-
rett SH. Human renal tubular cells contain CD24/CD133 progenitor

cell populations: implications for tubular regeneration after toxicant
induced damage using cadmium as a model. Toxicol Appl Pharmacol.
2017;331:116-29.

Kim K, Park BH, lhm H, Kim KM, Jeong J, Chang JW, Cho YM. Expres-

sion of stem cell marker CD133 in fetal and adult human kidneys and
pauci-immune crescentic glomerulonephritis. Histol Histopathol.
2011,26(2):223-32.

Liu H, Liu C, Qu Y. The effect and molecular mechanism of hypoxia on
proliferation and apoptosis of CD133+ renal stem cells. Bosn J Basic Med
Sci. 2021;21(3):313-22.

Prelich G, Tan CK, Kostura M, Mathews MB, So AG, Downey KM, Stillman
B. Functional identity of proliferating cell nuclear antigen and a DNA
polymerase-delta auxiliary protein. Nature. 1987;326(6112):517-20.

Li R, Waga S, Hannon GJ, Beach D, Stillman B. Differential effects by the
p21 CDK inhibitor on PCNA-dependent DNA replication and repair.
Nature. 1994,371(6497):534-7.

Morris GF, Bischoff JR, Mathews MB. Transcriptional activation of the
human proliferating-cell nuclear antigen promoter by p53. Proc Natl
Acad Sci USA. 1996;93(2):895-9.

Smeets B, Angelotti ML, Rizzo P, Dijkman H, Lazzeri E, Mooren F, Ballerini L,
Parente E, Sagrinati C, Mazzinghi B, et al. Renal progenitor cells contribute
to hyperplastic lesions of podocytopathies and crescentic glomerulone-
phritis. J Am Soc Nephrol. 2009;20(12):2593-603.

Zou X, Hou'Y, Xu J, Zhong L, Zhou J, Zhang G, Sun J. Mitochondria transfer
via tunneling nanotubes is an important mechanism by which CD133+
scattered tubular cells eliminate hypoxic tubular cell injury. Biochem
Biophys Res Commun. 2020;522(1):205-12.

Aggarwal S, Grange C, lampietro C, Camussi G, Bussolati B. Human
CD133(+) renal progenitor cells induce erythropoietin production and
limit fibrosis after acute tubular injury. Sci Rep. 2016;6:37270.

Ranghino A, Bruno S, Bussolati B, Moggio A, Dimuccio V, Tapparo M,
Biancone L, Gontero P, Frea B, Camussi G. The effects of glomerular and
tubular renal progenitors and derived extracellular vesicles on recovery
from acute kidney injury. Stem Cell Res Ther. 2017,8(1):24.

Zou X, Kwon SH, Jiang K, Ferguson CM, Puranik AS, Zhu X, Lerman LO.
Renal scattered tubular-like cells confer protective effects in the stenotic
murine kidney mediated by release of extracellular vesicles. Sci Rep.
2018;8(1):1263.

Burger D, Gutsol A, Carter A, Allan DS, Touyz RM, Burns KD. Human cord
blood CD133+ cells exacerbate ischemic acute kidney injury in mice.
Nephrol Dial Transplant. 2012;27(10):3781-9.

Chen XJ, Kim SR, Jiang K, Ferguson CM, Tang H, Zhu XY, Lerman A, Eirin A,
Lerman LO. Renovascular disease induces senescence in renal scattered
tubular-like cells and impairs their reparative potency. Hypertension.
2021;77(2):507-18.

Aghajani Nargesi A, Zhu XY, Liu Y, Tang H, Jordan KL, Lerman LO, Eirin A.
Renal artery stenosis alters gene expression in swine scattered tubular-
like cells. Int J Mol Sci. 2019;20(20):50609.

Nargesi AA, Zhu XY, Conley SM, Woollard JR, Saadiq IM, Lerman LO, Eirin
A. Renovascular disease induces mitochondrial damage in swine scat-
tered tubular cells. Am J Physiol Renal Physiol. 2019;317(5):F1142-53.
Yang G, JiaV, Li C, Cheng Q, Yue W, Pei X. Hyperglycemic stress

impairs the stemness capacity of kidney stem cells in rats. PLoS One
2015;10(10):e0139607

Page 19 of 19

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	High CD133 expression in proximal tubular cells in diabetic kidney disease: good or bad?
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Single-cell RNA-sequencing data analysis
	Animals
	Biochemical, morphometry, and tubulointerstitial fibrotic analysis
	Immunohistochemistry
	Isolation of renal tubular cells
	Immunofluorescence analysis
	Cell culture and treatment
	CD133 knockdown and overexpression
	Western blotting
	Quantitative RT-PCR
	Flow cytometry
	Proliferation assay
	Statistical analysis

	Results
	ScRNA-seq analysis of CD133 expression and function in PTCs
	Establishment of the DKD models.
	CD133 expression was increased in PTCs with the DKD progression
	High glucose induced the increased expression of CD133 in PTCs
	The protective effects of CD133 in HG-induced PTCs injury
	Continual upregulation of CD133 might be instead involved in the pathological process of DKD

	Discussion
	Acknowledgements
	References


