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Abstract

Introduction: Aged kidney is characterized by mitochondrial
dysfunction, cellular senescence, and fibrogenesis. The acti-
vation of Wnt/B-catenin signaling plays an important role in
the initiation of kidney aging. However, the inhibiting strate-
gies have not been discovered in detail. Here, we compared
the therapeutic effects of two B-catenin inhibitors, KYA1797K
and ICG-001, to assess their superiority. Methods: Two-
month-old male C57BL/6 mice which had undergone unilat-
eral nephrectomy and received D-galactose (D-gal) injection
were co-treated with KYA1797K or ICG-001 at 10 mg/kg/day
for 4 weeks. Human proximal renal tubular cells were treated
with D-gal and KYA1797K/ICG-001 to compare their effects.
Results: Compared with 1CG-001, which inhibits B-catenin
pathway through blocking the binding of B-catenin and
cAMP response element-binding protein (CREB)-binding
protein (CBP), KYA1797K, a novel small molecule destabiliz-
ing B-catenin through activating Axin-GSK33 complex, pos-
sesses the superior effects on protecting against kidney ag-

ing.In D-gal-treated accelerated aging mice, KYA1797K could
greatly inhibit B-catenin pathway, preserve mitochondrial
homeostasis, repress cellular senescence, and retard age-re-
lated kidney fibrosis. In cultured proximal tubular cells,
KYA1797K shows a better effect on inhibiting cellular senes-
cence and could better suppress mitochondrial dysfunction
and ameliorate the fibrotic changes, at the same dose as that
in ICG-001. Conclusion: These results show that effectively
eliminating 3-catenin is a necessity to target against age-re-
lated kidney injury, suggesting the multiple transcriptional
regulation of 3-catenin in kidney aging besides T-cell factor/
lymphoid enhancer-binding factor family of transcription

factors (TCF/LEF-1). ©2022 The Author(s).

Published by S. Karger AG, Basel

Introduction

The kidney is one of the most important organs to
maintain the water-and-electrolyte balance and keep the
stability of metabolic state [1-3]. Aging has a positive cor-
relation with estimated glomerular filtration rate loss and
urinary albumin (Ualb) leaking [4]. Many factors, such as
persistent inflammation and nutrient insensitivity in ag-
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ing could lead to kidney injury [5-8]. Notably, the kidney
is the most abundant organ with Klotho [9], an antiaging
protein which modulates life span through its beneficial
effects [10-12]. We have found that Klotho also acts as an
endogenous inhibitor to Wnt/f-catenin signaling [9], an
important player in kidney aging and renal tubular senes-
cence [13, 14].

Cellular senescence is a permanent state of irreversible
cell cycle arrest resulting from a variety of stresses [15-
17]. It can be induced by a variety of factors, including
telomere shortening, telomere dysfunction, DNA dam-
age, inflammation, mitochondrial dysfunction, epigene-
tic disruption, and strong mitogen signaling or onco-
genes [18, 19]. Senescent cells are causally involved in ag-
ing. The persistent presence of senescent cells may secrete
multiple factors including cytokines or chemokines, pro-
teases, ROS, and microRNAs, which further cause in-
flammation, tissue fibrosis, and stem cell dysfunction, re-
sulting in the dysfunction of multiple organs and acceler-
atedaging[19-21].Characterized with cellularsenescence,
mitochondrial dysfunction, and age-related fibrosis, kid-
ney aging is highly accompanied by the activation of
Wnt/B-catenin signaling [13]. f-Catenin is the down-
stream effector of Wnt signals, which is able to translocate
into the nucleus and bind to the T-cell factor (TCF)/lym-
phoid enhancer-binding factor (LEF) family of transcrip-
tion factors [22, 23]. cCAMP response element-binding
protein (CREB)-binding protein (CBP) is a co-activator
which enhances the binding of f-catenin and TCF/LEF-1
[24]. ICG-001 is a small molecule compound which in-
hibits B-catenin pathway through blocking the binding of
B-catenin and CBP [25]. Although the B-catenin/TCF/
LEF-1 pathway induces multiple targets involved in fi-
brogenesis [22, 26], its role in kidney aging has not been
elucidated. Considering the multiple downstream tran-
scription factors which could be activated by p-catenin,
such as the forkhead box O (FOXO) protein family as re-
ported recently [27-29], B-catenin could trigger a variety
of pathways to cooperatively accelerate aging processes in
kidneys. Hence, a better strategy to eliminate B-catenin
would be more beneficial.

In normal conditions, f-catenin would be phosphory-
lated at the site of Ser/Thr-rich sequence near the amino
terminus and ubiquitinated by the “destruction com-
plex,” which includes Axin, adenomatous polyposis coli
(APC), GSK3p, CK1, PP2A, and B-TrCP, an E3-ubiquitin
ligase [30]. In this process, Axin is a requisite for the scaf-
folding of B-catenin and other kinases [31]. The ubiquiti-
nated B-catenin is then degraded by proteasome, which
means that ubiquitin-dependent proteolysis system is in-
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volved in the regulation of 3-catenin. Without Wnt sig-
nal, the phosphorylation of B-catenin by GSK3p would
represent the initial event for ubiquitination and degra-
dation of B-catenin [32]. While upon the stimulation of
Whnt, B-catenin will be dephosphorylated and accumulate
in the cytoplasm and then translocate into nuclei to in-
duce the transcription of downstream targets [33]. Hence,
the strategies to enhance the degradation of B-catenin
would be ideal for targeted inhibition of the aberrant up-
regulation of P-catenin. Interestingly, the recent report
shows KYA1797K, a small molecule compound which
could induce the destabilization of B-catenin via binding
to Axin and activating the destruction complex function
[34]. However, the effects of KYA1797K on kidney aging
have not been clarified.

In this study, we testified the therapeutic effects of
KYA1797K on D-galactose (D-gal)-induced accelerated
aging mice model and cultured human proximal renal
tubular cells. We also compared the therapeutic effects of
two B-catenin inhibitors, KYA1797K and ICG-001, to as-
sess their superiority. The results show that KYA1797K,
the -catenin destructor, exhibits the superior effective-
ness in maintaining mitochondrial homeostasis and re-
straining kidney aging. Considering ICG-001 functions
mainly through the inhibition of p-catenin/TCF/LEF-
1-mediated targets transcription, we believe that effec-
tively eliminating B-catenin is a more ideal strategy to tar-
get the aberrantly activated -catenin signaling in kidney
aging, since other downstream transcription factors
would also be possibly involved.

Material and Methods

Animal Models

Male C57BL/6 mice (2 and 24 months old) were purchased
from the Experimental Animal Center of Southern Medical Uni-
versity (Guangzhou, China). For comparison with 24-month-old
mice, 2-month-old mice were sacrificed without any special treat-
ment. For the accelerated aging mice model, unilateral nephrec-
tomy was performed in the 2-month-old mice first and then D-gal
(G0750; Sigma-Aldrich, USA) at 150 mg/kg/day was injected sub-
cutaneously into the mice for 6 weeks from 1 week after the sur-
gery. The KYA1797K (s8327; Selleck, USA) or ICG-001 (847,591~
62-2; ChemLeader, China) at 10 mg/kg/day was injected intraper-
itoneally in the mice every day for 4 weeks after 2 weeks’ injection
of D-gal. The detailed experimental designs were shown in indi-
cated Figure. All animal experiments were approved by the Animal
Ethics Committee at Southern Medical University.

Cell Culture and Treatment

Human proximal tubular epithelial cells (HKC-8) were pro-
vided by Dr. L. Racusen (Johns Hopkins University, Baltimore,
MD, USA). To assess the effects of ICG-001 and KYA1797K on
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B-catenin, the HKC-8 cells were treated with ICG-001 or
KYA1797K at the concentration of 1 pM for 60 h. To assess the ef-
fects on cellular senescence, fibrosis, and mitochondrial dysfunc-
tion, HKC-8 cells were pretreated with ICG-001 or KYA1797K at
1 uM for 1 h, followed by treatment with D-gal at 10 mg/mL for 60
h. The lysates of the cells were subjected to Western blot analyses.
Besides, cells cultured on the coverslips were also assessed by im-
munofluorescence.

Western Blot Analysis

The kidney tissue or cultured cells were dissolved in the lysis
buffer, and the concentrations of proteins were measured using
BCA protein concentration determination. Then the proteins were
transferred to a PVDF (polyvinylidene fluoride) membrane (Mer-
ck Millipore, USA) by SDS-PAGE electrophoresis and blocked
with skim milk for 1 h, followed by incubation with primary anti-
bodies overnight at 4°C and with secondary antibodies for 1 h at
room temperature in the next day. An ECL kit (Applygen, China)
was used for visualizing the antigen-antibody complexes. The pri-
mary antibodies used were as follows: anti-fibronectin (1:20,000;
F3648, Sigma-Aldrich), anti-GAPDH (1:20,000; RM2001, Ray An-
tibody Biotech, China), anti-B-catenin (1:30,000; #610154, BD
Transduction Laboratories, USA), anti-PGC-1a (1:1,000; ab54481,
Abcam, UK), anti-Klotho (1:1,000; AF1819, R&D Systems, USA),
anti-a-smooth muscle actin (a-SMA) (1:3,000; a2547, Sigma-Al-
drich), anti-a-SMA (1:1,000; ab5694, Abcam), anti-TFAM
(1:1,000; PB0413, Boster, USA), anti-active P-catenin (1:1,000;
19807s, Cell Signaling Technology, USA), anti-p16™%*4 (1:1,000;
ab189034, Abcam), anti-p19RF (1:1,000; ab26696, Abcam), anti-
yH2AX (1:1,000; ab26350, Abcam), anti-TOMM20 (1:2,000;
ab186735, Abcam), anti-BAX (1:500; sc-7480, Santa Cruz Biotech-
nology, USA), anti-cleaved PARP-1 (1:1,000; 9542s, Cell Signaling
Technology), anti-cleaved caspase-3 (1:500; 9661s, Cell Signaling
Technology), anti-FAS-L (1:500; sc-19681, Santa Cruz Biotechnol-
ogy), and anti-a-tubulin (1:10,000; RM2007, Ray Antibody Bio-
tech).

Histology, Immunohistochemical Staining, and Transmission

Electron Microscopy

Paraffin-embedded kidney sections (3 pm thickness) were pre-
pared for Sirius red staining (DC0040; Leagene Biotechnology,

Fig. 1. Aged kidney is associated with upregulation of -catenin
and mitochondrial dysfunction. a-c Representative Western blot
and quantitative data showing renal expression of active -catenin
and P-catenin from 2-month-old and 24-month-old mice. Num-
bers (1-5) indicate each individual animal in a given group. Statis-
tical significance was determined by two-side Student’s ¢ test. **p <
0.01, ***p < 0.001 versus 2-month-old mice group. d Representa-
tive micrographs showing active B-catenin (left) and PGC-
la (right) expression in kidneys from 2-month-old and 24-month-
old mice. Cryosections were subjected to fluorescence staining for
active B-catenin. Paraffin-embedded kidney sections were immu-
nostained with an antibody against PGC-1a. Arrows indicate pos-
itive staining. Scale bar, 50 um. e-g Representative Western blot
and quantitative data showing renal expression of PGC-1a and
TOMM20. Numbers (1-5) indicate each individual animal in a
given group. Statistical significance was determined by two-side
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China) according to the manufacturer’s protocol to assess renal
fibrosis. Immunohistochemical staining was performed using rou-
tine protocol to assess mitochondrial function, renal fibrosis, or
renal senescence. Images were taken by the DP27-CU camera cou-
pled to BX-43F microscope (Olympus, Japan). The primary anti-
bodies used were as follows: anti-p16™N%44 (1:100; ab189034, Ab-
cam), anti-PGC-la (1:80; ab54481, Abcam), anti-fibronectin
(1:100; F3648, Sigma-Aldrich). In order to assess the mitochon-
drial morphology by transmission electron microscopy (TEM),
the cortex of the kidney was fixed in 1.25% glutaraldehyde/0.1 M
phosphate buffer and then made into ultrathin sections (60 nm),
which were examined under an electron microscope (JEOL JEM-
1010, Tokyo, Japan).

MitoTracker and Senescence-Associated 3-Galactosidase

Staining

Frozen sections (3 um) were prepared for MitoTracker deep
red staining (M22426; Thermo Fisher, USA) according to the
manufacturer’s instructions to assess mitochondrial mass. Images
were captured by confocal microscopy (Leica TCS SP2 AOBS; Lei-
ca Microsystems, Buffalo Grove, IL, USA). Frozen sections (3 pm)
or cells cultured on coverslips were prepared for senescence-asso-
ciated B-galactosidase (SA-B-gal) staining (#9860; Cell Signaling
Technology) according to the protocols to assess renal senescence.
Images were taken by the DP27-CU camera coupled to BX-43F
microscope (Olympus, Japan).

Methyl Thiazolyl-Tetrazolium Assay and EAU Staining

To assess the effect of ICG-001 or KYA1797K on cell survival,
methyl thiazolyl-tetrazolium (MTT) assay was performed. Cells
seeded in 96-well were treated with ICG-001 or KYA1797K at dif-
ferent concentrations for 48 h, then 10 uL MTT (0210222701; Wei-
jia Technology, China) at 5 mg/mL was added into each well. After
incubation at 37°C for 6 h, the medium was removed, and 150 pL
of dimethyl sulfoxide was added. The absorbance of each well was
measured at 490 nm using an enzyme-linked immunosorbent as-
say reader (Synergy HTX; Biotek, USA), and the value represents
the number of alive cells. Cultured cells were also stained for mea-
suring the cell’s ability to proliferate via EAU (C10637; Invitrogen,
USA) staining according to the manufacturer’s instructions. Im-

Student’s ¢ test. **p < 0.01, ***p < 0.001 versus 2-month-old mice
group. h Representative fluorescence and TEM micrographs show
mitochondrial mass (top) and mitochondrial ultrastructure mor-
phology (bottom). The frozen kidney sections were stained with
MitoTracker deep red (3 pm). Ultrathin kidney sections were stud-
ied using a transmission electron microscope. For MitoTracker,
arrows indicate positive staining; For TEM analyses, arrow indi-
cates abnormal characteristics of swollen shape and fragmented
cristae in mitochondria. Scale bar, 50 pm for MitoTracker; 1 pm
for electron microscope micrographs. TEM, transmission electron
microscopy. i-o Representative Western blot and quantitative data
showing renal expression of Klotho, P1I9ARF, yH2AX, P16INK4A,
fibronectin, and a-SMA. Numbers (1-5) indicate each individual
animal in a given group. Statistical significance was determined by
two-side Student’s  test. ***p < 0.001 versus 2-month-old mice
group.

(For figure see next page.)
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ages were captured by confocal microscopy (Leica TCS SP2 AOBS;
Leica Microsystems).

Immunofluorescence Staining

Immunofluorescence staining was performed to assess the ef-
fect of ICG-001 or KYA1797K on active -catenin, mitochondrial
function, renal fibrosis, and renal senescence. Kidney cryosections
and HKC-8 cells cultured on coverslips were fixed with 4% para-
formaldehyde for 15 min at room temperature, followed by block-
ing with 10% donkey serum for 1 h. Then the slides were stained
with special primary antibodies overnight at 4°C and stained with
a Cy3- or Cy2-conjugated secondary antibody (Jackson Immu-
noResearch Laboratories, USA) for 1 h at room temperature. Nu-
clei were stained with DAPI (C1006; Beyotime, China) according
to manufacturer’s instructions. Images were captured by confocal
microscopy (Leica TCS SP2 AOBS; Leica Microsystems). The pri-
mary antibodies used were as follows: anti-fibronectin (1:100;
F3648, Sigma-Aldrich), anti-yH2AX (1:80; ab26350, Abcam), an-
ti-active B-catenin (1:80; 19807s, Cell Signaling Technology), anti-
TOMM?20 (1:100; ab186735, Abcam).

Measurements of Serum Creatinine, Serum Urea, and Ualb

Levels

Serum creatinine and urea were measured by an automatic
chemistry analyzer (AU480 Chemistry Analyzer; Beckman Coul-
ter). Ualb levels and urine creatinine (Ucr) were tested by a mouse
Albumin ELISA Quantitation kit (CSB-E13878m, CUSABIO,
USA) or creatinine ELISA Quantitation kit (DICT-500; BioAssay
Systems, USA) according to the manufacturer’s protocol. Ualb
was normalized to Ucr and expressed as microgram per milligram
Ucr.

Statistical Analyses

The data were expressed as the mean + standard error of the
mean. SPSS 20.0 (SPSS Inc, Chicago, IL, USA) was used for statis-
tical analysis. Before comparison, all data were firstly analyzed for
normal distribution using the D’Agostino normality test. Student’s
t test was used to determine differences between groups. p value <
0.05 was considered to be statistically significant.

Results

Aged Kidney Is Associated with Upregulation of

B-Catenin and Mitochondrial Dysfunction

To identify the role of B-catenin in aging, the expres-
sion of B-catenin in naturally aging mice was assessed.
Compared with 2-month-old mice, the expression levels
of active PB-catenin and P-catenin were upregulated in
24-month-old mice (Fig. 1a—c). Similar result was dem-
onstrated by immunofluorescence staining of active
B-catenin (Fig. 1d).

On the other hand, the mitochondrial function was
impaired in aged kidneys. Immunohistochemical stain-
ing showed that the expression of peroxisome prolifera-
tor-activated receptor-C coactivator-la (PGC-1a) was
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downregulated in aged mice (Fig. 1d). Besides, Western
blot analysis of PGC-1a and translocase of outer mito-
chondrial membrane 20 (TOMM?20) also indicated sim-
ilar results (Fig. le-g). Furthermore, the mitochondrial
mass examined by MitoTracker staining was significant-
ly lower, and the mitochondrial morphology tested by
TEM was obviously impaired in 24-month-old mice
(Fig. 1h).

We then assessed renal senescence in aged kidney. As
shown in Figure li-m, the expressions of P16NK4A,
YH2AX, and P19ARF were greatly increased in 24-month-
old mice, while the expression of Klotho, an antiaging
protein, was downregulated. In addition, renal fibrosis in
aged kidneys was also assessed, and the results showed
that the expressions of fibronectin, a-smooth muscle ac-
tin (a-SMA) were greatly increased in 24-month-old
mice (Fig. 1i, n, and o).

KYA1797K Is Superior to ICG-001 to Inhibit

B-Catenin Signaling in the Accelerated Aging Mouse

Model

To further investigate the effects of B-catenin and its
inhibitor, we established an accelerated aging model of
mouse (Fig. 2a). In this model, the expressions of active
B-catenin and B-catenin were upregulated by D-gal but
were obviously inhibited by ICG-001 or KYA1797K treat-
ment (Fig. 2b-d). However, the inhibitory effects of
KYA1797K were more significant than ICG-001. Similar
result was demonstrated when the expression of active--
catenin was assessed by immunofluorescence staining
(Fig. 2e). We also examined the expression of serum cre-
atinine, serum urea, and Ualb in different groups, but
there was no statistical difference (Fig. 2f-h).

KYA1797K Is Superior to ICG-001 to Alleviate Renal

Fibrosis in Kidneys in the Accelerated Aging Mouse

Model

We then tested renal fibrosis in the accelerated aging
mice model. Western blot analyses showed that the ex-
pressions of fibronectin and a-SMA were upregulated by
D-gal treatment, while the expression of Klotho was
downregulated (Fig. 3a-d). However, ICG-001 or
KYA1797K treatment reversed their expressions. Com-
pared with ICG-001, KYA1797K had a stronger effect.
Similar result was demonstrated by the immunohisto-
chemical staining of fibronectin and Sirius red staining of
fibrotic lesions (Fig. 3e). These results further confirmed
the protective role of ICG-001 and KYA1797K in age-
related kidney fibrosis, in which the latter had a better ef-
fect.
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Fig. 2. KYA1797K is superior to ICG-001 to inhibit -catenin sig-
naling in the accelerated aging mouse model. a Experimental de-
sign. Black bar-indicated mice were administered subcutaneous
injections of D-gal at 150 mg/kg/day for 6 weeks after UNX surgery
for 1 week. Green bar- and red bar-indicated mice were adminis-
tered intraperitoneal injections of ICG-001 at 10 mg/kg/day or
KYA1797K at 10 mg/kg/day for 4 weeks after 2 weeks’ injection
of D-gal. UNX: unilateral nephrectomy. b-d Representative West-
ern blot and quantitative data showing renal expression of ac-
tive B-catenin and B-catenin. Statistical significance was deter-
mined by two-side Student’s ¢ test. ***p < 0.001 versus control mice
group alone; *p < 0.05, *#p < 0.01 versus the D-gal-treated mice
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groupalone; T"7p <0.001 versus D-gal + ICG-001 group alone; *#?p <
0.001 versus the D-gal-treated mice group alone (n = 6). e Repre-
sentative micrographs showing renal expression of active 3-catenin
in different groups. Cryosections were immunostained with an an-
tibody against active -catenin. Arrows indicate positive staining.
Scale bar, 50 um. f-h Graphical representation of the levels of se-
rum creatinine, serum urea, and Ualb in different groups. Urinary
albumin (Ualb) was normalized to urinary creatinine (Ucr) and
expressed as microgram per milligram Ucr. Statistical significance
was determined by two-side Student’s ¢ test. n.s., none of signifi-
cance (n = 8).
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Fig.3. KYA1797K is superior to ICG-001 to alleviate renal fibrosis
in kidneys in the accelerated aging mouse model. a-d Representa-
tive Western blot and quantitative data showing renal expression
of Klotho, fibronectin, and a-SMA. Statistical significance was de-
termined by two-side Student’s ¢ test. ***p < 0.001 versus the con-
trol mice group alone; *p < 0.01, **p < 0.001 versus the D-gal-
treated mice group alone; "'p < 0.01, 'p < 0.001 versus D-gal +

KYA1797K Is Superior to ICG-001 to Protect against

Cell Senescence in Kidneys in the Accelerated Aging

Mouse Model

We next examined cellular senescence. Western blot
analysis showed that the upregulation of P16MK44,
YH2AX, and P19®* induced by D-gal was downregu-
lated by ICG-001 or KYA1797K (Fig. 4a—-d). Similarly,
KYA1797K has a stronger inhibitory effect. Besides, the
SA-[-gal staining of B-galactosidase activity and immu-
nohistochemical staining of P16™44 also showed simi-
lar results (Fig. 4e). These results suggest that B-catenin
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ICG-001 group alone; #*?p < 0.001 versus the D-gal-treated mice
group alone (n = 6). e Representative micrographs showing Sirius
red staining and renal expression of fibronectin in different groups.
Paraffin-embedded kidney sections were immunostained with Sir-
ius red and an antibody against fibronectin. Arrows indicate posi-
tive staining. Scale bar, 50 um.

inhibitor could alleviate renal senescence, and the pro-
tective effect of KYA1797K is superior to that of ICG-
001.

KYA1797K Is Superior to ICG-001 to Maintain

Mitochondrial Homeostasis in Kidneys in the

Accelerated Aging Mouse Model

We next investigated the protective effects of
B-catenin inhibitor on mitochondrial dysfunction.
Western blot analysis showed that D-gal induced down-
regulation of PGC-1a and TOMM20, but ICG-001 or
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Fig. 4. KYA1797K is superior to ICG-001 to protect against cell
senescence in kidneys in the accelerated aging mouse model. a-d
Representative Western blot and quantitative data showing renal
expression of pl6M™NK44 p19ARF and yH2AX. Statistical signifi-
cance was determined by two-side Student’s ¢ test. ***p < 0.001
versus the control mice group alone; *p < 0.05, *p < 0.01 versus the
D-gal-treated mice group alone; "'p < 0.01 versus D-gal + ICG-001
mice group alone; #*p < 0.001 versus the D-gal-treated mice group

Fig. 5. KYA1797K is superior to ICG-001 to maintain mitochon-
drial homeostasis in kidneys in the accelerated aging mouse mod-
el. a-c Representative Western blot and quantitative data showing
renal expression of PGC-1a and TOMM20. Statistical significance
was determined by two-side Student’s ¢ test. **p < 0.01, ***p <
0.001 versus control mice group alone; **p < 0.001 versus the D-
gal-treated mice group alone; "''p < 0.001 versus D-gal + ICG-001
group alone; ???p < 0.001 versus the D-gal-treated mice group
alone (n = 6). d Representative micrographs showing mitochon-
drial mass, mitochondrial ultrastructure morphology, and renal
expression of PGC-1a and TOMM20 in different groups. Paraffin-
embedded kidney sections were immunostained with an antibody
against PGC-1a. The frozen kidney sections were stained with Mi-
toTracker deep red (3 um) and TOMM20. Ultrathin kidney sec-
tions were studied using a transmission electron microscope. For

KYA1797K Superiorly Protects against
Kidney Aging to ICG-001

alone (n = 6). e Representative micrographs showing senescence
via P-galactosidase activity (SA-B-gal) and renal expression of
p16™NK44 in different groups. Frozen kidney sections were stained
for SA-B-gal (top). Black arrows indicate positive staining. Paraf-
fin-embedded kidney sections were immunostained with an anti-
body against p16™K44 (bottom). Yellow arrows indicate positive
staining of renal tubules. Red arrowhead indicates positive staining
of renal interstitial cell. Scale bar, 50 pm.

MitoTracker, PGC-1a, and TOMM20, arrows indicate positive
staining; For TEM analyses, arrow indicates abnormal character-
istics of swollen shape and fragmented cristae in mitochondria.
Scale bar, 50 um for staining of PGC-1a, TOMM20, and Mito-
Tracker; 1 um for electron microscope micrographs. TEM, trans-
mission electron microscopy. e Graphical representation of the
number of abnormal mitochondria in different groups. The aver-
age number of abnormal mitochondria of five renal tubular epi-
thelial cells per mouse were analyzed for quantification in different
groups. Statistical significance was determined by two-side Stu-
dent’s t test. ***p < 0.001 versus the control mice group alone;
##p < 0.001 versus the D-gal-treated mice group alone; "'p < 0.001
versus D-gal + ICG-001 mice group alone; *??p < 0.001 versus the
D-gal-treated mice group alone (n =5).

(For figure see next page.)
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KYA1797K restored their expressions (Fig. 5a-c). Sim-  drial mass loss (Fig. 5d) and impairment of mitochon-
ilar result was demonstrated by immunohistochemical drial morphology (Fig. 5d, e) induced by D-gal were
analysis for PGC-1a and immunofluorescence staining  also inhibited by ICG-001 or KYA1797K treatment.
for TOMM20 (Fig. 5d). Besides, the results of Mito- Similarly, the protective effects of KYA1797K were
Tracker staining and TEM showed that the mitochon- more significant than ICG-001.
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Fig. 6. KYA1797K is superior to ICG-001 to inhibit B-catenin sig-
naling in vitro and shows no apoptosis-inducing effects at the in-
dicated concentration. a, b Quantitative data showing MTT assay
of ICG-001 and KYA1797K in HKC-8 cells. The y-axis represent-
ed OD value in each group. HKC-8 cells were treated with ICG-001
(a) or KYA1797K (b) at 0 uM, 0.5 uMm, 1.0 pMm, 2.0 pM, 4.0 puM, and
8.0 uM for 48 h, respectively. Statistical significance was deter-
mined by two-side Student’s  test. ns versus 0 pM group; **p < 0.01,
#p < 0.001, #*p < 0.001, TTp < 0.001 versus 0 uM group (1 = 6).
ns, none of significance. c-e Representative Western blot and
quantitative data showing the expression of active B-catenin and

KYA1797K Superiorly Protects against
Kidney Aging to ICG-001

B-catenin in HKC-8 cells. HKC-8 cells were treated with ICG-001
or KYA1797K at 1 pM for 60 h. Statistical significance was deter-
mined by two-side Student’s ¢ test. ns versus control group alone;
*p <0.05, ***p < 0.001 versus control group alone (#n = 3). ns, none
of significance. f-j Representative Western blot and quantitative
data showing the expression of cleaved PARP-1, cleaved caspase-3,
Fasl, and BAX in HKC-8 cells. HKC-8 cells were treated with
KYA1797K (1 um) for 24 h, 48 h, and 72 h, respectively. Statistical
significance was determined by two-side Student’s ¢ test. ns versus
control group alone (n = 3). ns, none of significance.
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Fig. 7. KYA1797K is far better than ICG-001 to protect mitochon-
drial function in vitro. a-g Representative Western blot (a, d) and
quantitative data (b, ¢, e-g) showing the expression of active
-catenin, B-catenin, PGC-1a, TOMM?20, and TFAM in HKC-8
cells. HKC-8 cells were pretreated with ICG-001 and KYA1797K
at 1 pM for 1 h, followed by treatment with D-gal at 10 mg/mL for
60 h. Statistical significance was determined by two-side Student’s
ttest. *p < 0.05, **p < 0.01 versus the control group alone; ns versus

KYA1797K Is Superior to ICG-001 to Inhibit

B-Catenin Signaling in vitro and Shows No Apoptosis-

Inducing Effects at the Indicated Concentration

We then investigated the role of ICG-001 and
KYA1797K in cellular aging in vitro. HKC-8 cell is an op-
timized differentiated human renal epithelial cell line and

418 Kidney Dis 2022;8:408-423
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D-gal-treated group alone, *p < 0.01 versus the D-gal-treated
group alone; Tp < 0.05, " Tp < 0.01 versus D-gal + ICG-001 group
alone; ?*?p < 0.01, ?9p < 0.001 versus the D-gal-treated group alone
(n = 3). ns, none of significance. h Representative micrographs
showing the expression of TOMM20 in different groups. HKC-8
cells cultured on coverslips were immunostained with an antibody
against TOMM20. Arrows indicate positive staining. Scale bar, 25
pm.

is commonly used for the study of renal injury or disease
[35]. First, MTT assay was performed, and results showed
thatitwassafetotreatthecellswithICG-001 orKYA1797K
at the concentration of 1 uM (Fig. 6a, b), which concentra-
tion was used in the subsequent experiments. Then HKC-
8 cells were treated with ICG-001 or KYA1797K for 60 h
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to compare their inhibitory effects on p-catenin. Western
blot showed that both ICG-001 and KYA1797K down-
regulated the expressions of active f-catenin (Fig. 6¢c—e).
However, ICG-001 could not inhibit the expression of to-
tal B-catenin, while KYA1797K still had inhibitory effect.
Since the cells would be treated for 60 h, the influence of
KYA1797K on cellular apoptosis was detected. The ex-
pression of cleaved PARP-1, cleaved caspase-3, Fasl, and
BAX had no difference over 72 h (Fig. 6f-j).

KYA1797K Is Far Better than ICG-001 to Protect

Mitochondrial Function in vitro

We next examined the effects of ICG-001 and
KYA1797K on B-catenin and mitochondrial functions in
vitro. Western blot showed that the expressions of active
B-catenin and B-catenin were upregulated by D-gal, and
KYA1797K could restore both of their expressions, while
ICG-001 only inhibited the expression of active B-catenin
(Fig. 7a—c). Besides, the inhibitory effect of KYA1797K on
active B-catenin was more significant than that of ICG-
001. We then assessed their protective effects on mito-
chondrial functions. The expressions of PGC-1a,
TOMM?20, and mitochondrial transcription factor A
(TFAM) were downregulated by D-gal, but only
KYA1797K restored their expressions (Fig. 7d-g). Simi-
lar result was also observed by analysis of immunofluo-
rescence staining for TOMM?20 (Fig. 7h).

KYA1797K Is Superior to ICG-001 to Retard Cellular

Senescence and Age-Related Fibrotic Lesions in vitro

The cellular fibrosis and senescence were also examined
in vitro. The upregulation of fibronectin and a-SMA in-

Fig. 8. KYA1797K is superior to ICG-001 to retard cellular senes-
cence and age-related fibrotic lesions in vitro. a-c Representative
Western blot and quantitative data showing the expression of fi-
bronectin and a-SMA in HKC-8 cells. HKC-8 cells were pretreat-
ed with ICG-001 and KYA1797K at 1 pM for 1 h, followed by treat-
ment with D-gal at 10 mg/mL for 60 h. Statistical significance was
determined by two-side Student’s ¢ test. *p < 0.05, **p < 0.01 versus
the control group alone; *p < 0.01 versus the D-gal-treated group
alone; "p < 0.001 versus D-gal + ICG-001 group alone; **¢p <
0.001 versus the D-gal-treated group alone (n = 3). d Representa-
tive micrographs showing the expression of fibronectin in differ-
ent groups. HKC-8 cells cultured on coverslips were immuno-
stained with an antibody against fibronectin. Arrows indicate pos-
itive staining. Scale bar, 25 pm. e-g Representative Western blot
and quantitative data showing the expression of p16™K44 and
yH2AX in HKC-8 cells. Statistical significance was determined by
two-side Student’s f test. **p < 0.01, ***p < 0.001 versus the control
group alone; ns versus the D-gal-treated group alone; "p < 0.01,
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duced by D-gal was inhibited by ICG-001 or KYA1797K
treatment (Fig. 8a—c). Compared with ICG-001, KYA1797K
still had a stronger effect. Besides, immunofluorescence
staining of fibronectin also showed a similar result (Fig. 8d).
We then assessed their effects on cellular senescence. The
upregulation of P16™K4 and yH2AX induced by D-gal
showed no change after ICG-001 treatment but was inhib-
ited by KYA1797K treatment (Fig. 8e-g). Similar result was
shown by immunofluorescence staining of yH2AX and SA-
B-gal staining for B-galactosidase activity (Fig. 8h). In addi-
tion, the effects of ICG-001 and KYA1797K on the prolif-
erative ability of cells were assessed by EdU staining. The
inhibition of the proliferative activity of HKC-8 cells in-
duced by D-gal was restored by KYA1797K, while ICG-001
treatment showed no effect (Fig. 8h-i).

Discussion

Aging has become a serious social problem for the
whole world [36]. Notably, up to 2050, the elderly people
would make up to 20% of the whole population [37]. Ag-
ing is a key risk factor for the function disturbance in or-
gans [38, 39]. As one of the most important organs in the
body, the kidney exerts the function of excretion, reab-
sorption, filtration, and endocrine modulation [3, 40].
Aging acts as a critical mediator in the high morbidity of
kidney injury and accelerated renal dysfunction [4, 41].
However, the underlying mechanisms of kidney aging are
still in mystery. Our previous study has shown that the
activation of Wnt/p-catenin signaling plays an important
role in the acceleration of renal tubular cell senescence

p < 0.001 versus D-gal + ICG-001 group alone; *?p < 0.01,
#99p < 0.001 versus the D-gal-treated group alone (n = 3). ns: none
of significance. h Representative micrographs showing senescence
via B-galactosidase activity (SA-P-gal) and the expression of
yH2AX and EdU in different groups. The cells cultured on cover-
slips were stained for SA-B-gal or immunostained with an anti-
body against yH2AX and EdU. Arrows indicate positive staining.
Scale bar, 25 pm for yH2AX; Scale bar, 50 um for SA-B-gal and
EdU. i Graphical representation of the percentage of EAU positive
cells in different groups. HKC-8 cells cultured on the coverslips
were stained with EAU in different groups, and images were cap-
tured from 21 areas (x40) in each group. The percentage of EdU
positive cells of each image was analyzed for quantification. Statis-
tical significance was determined by two-side Student’s ¢ test.
*#¥p < 0.001 versus the control group alone; ns versus the D-gal-
treated group alone; "7p < 0.001 versus D-gal + ICG-001 group
alone; ?9?p < 0.001 versus the D-gal-treated group alone (n = 21).
ns, none of significance.
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and fast-going aging in kidneys [13, 14]. We found
B-catenin could not only initiate cellular senescence but
also induce mitochondrial dysfunction through inhibi-
tion of PGC-1a [13], the key transcription factor which
modulates mitochondrial biogenesis. Hence, p-catenin
has multifunctional effects on kidney aging process.

Several lines of evidence have shown that -catenin
signaling pathway is associated with multiple organ fibro-
sis. For example, studies showed that the Wnt/p-catenin
signaling pathway was involved in myocardial remodel-
ing in the settings of chronic kidney disease [42] and was
required for deposition of fibrotic extracellular matrix
and the regulation of cardiomyocyte hypertrophy in a
mouse model of heart fibrosis [43]. In the liver, Wnt/p-
catenin signaling had been implicated in the pathogenesis
of liver fibrosis, and its inhibitor possessed antifibrotic
effect [44, 45]. What is more, the studies of pulmonary
fibrosis showed that Wnt/f-catenin signaling might be an
essential mechanism underlying the regulation of myofi-
broblast differentiation of lung resident mesenchymal
stem cells [46], while the inhibitor of B-catenin was a po-
tent antifibrotic agent for pulmonary fibrosis [47]. All
these results suggest that Wnt/(B-catenin signaling path-
way is one of the therapeutic targets for fibrotic diseases.

Upon the binding of canonical Wnt(s), p-catenin
could trigger the transcription of downstream targets
through CBP-coactivated TCF/LEF-1 transcription fac-
tors [33]. Notably, B-catenin could also bind to FOXO
transcription factors such as FOX0O4, FOXO1 [29, 48],
which are the causal factors in organ aging [49]. FOXO4
is recently reported as a pivot in aging [50], while FOXO6
has also been found increased in aged liver [51] and has a
repressive effect in PGC-la mRNA transcription [52].
These suggest that B-catenin could promote organ aging
through multiple pathways. To testify the hypothesis, we
compared the therapeutic effects of ICG-001 and
KYA1797K in D-gal-induced accelerated aging mice
model. As ICG-001 inhibits f-catenin pathway mainly
through blocking the binding of B-catenin/TCF/LEF-1
pathway [48], while KYA179K induces the destruction of
B-catenin [34], we hypothesized that KYA1797K would
be superior to ICG-001 in protecting against kidney ag-
ing, since TCF/LEF-1 transcription factors would possi-
bly not be the only downstream effectors.

Several lines of evidence have supported our hypoth-
esis. The correlations of B-catenin and mitochondrial
dysfunction and kidney aging were first testified in natu-
rally aging mice (Fig. 1). Notably, in old mice, B-catenin
activation is accompanied by loss of PGC-1a and disor-
dered mitochondrial homeostasis, suggesting the regula-

KYA1797K Superiorly Protects against
Kidney Aging to ICG-001

tion of B-catenin in PGC-1a pathway. We next compared
the therapeutic effects of KAY1797K and ICG-001. Al-
though ICG-001 could also exhibit some therapeutic ef-
fects on fibrosis and senescence in D-gal-treated mice, the
efficacy is far less than that of KYA1797K (Fig. 2, 3,4). We
also found that KYA1797K has much more superiority in
maintaining mitochondrial homeostasis (Fig. 5). The bet-
ter efficacy was also proved in vitro. In cultured proximal
tubular cells, KYA1797K shows a tremendous therapeu-
tic effect on cellular senescence, mitochondrial distur-
bance, and fibrotic lesions, at the same dose as that in
ICG-001, while ICG-001 could only partly ameliorate fi-
brotic lesions (Fig. 6-8). These results show that effec-
tively destroying B-catenin is a requisite for retarding kid-
ney aging, since B-catenin could promote other down-
stream transcription factors besides TCF/LEF-1.

Our results provide an important clue that p-catenin
has multifunctional effects on kidney aging process. For
example, f-catenin could trigger the upregulation of fi-
bronectin, a-SMA, Snail, PAI-1, and other fibrogenesis-
related gene targets through the activation of TCF/LEF-1
transcription factors [26]. Besides, the activation of Wnt/
B-catenin leads to mitochondrial dysfunction [13], which
wouldinturnpromotefurtheractivationof Wnt/f-catenin
signaling due to the accumulation of oxidation products
[53], thus creating a reciprocal activation loop. Mito-
chondrial dysfunction causes disease state, which affects
the secretion of a variety of cytokines or proteins.
B-Catenin inhibitor KYA1797K could alleviate mito-
chondrial dysfunction and disrupt the vicious cycle, re-
sulting in the improvement of disease state. As a result,
the expression of Klotho would also be restored. Interest-
ingly, we recently found that RAS system, the critical
player in the pathogenesis of kidney injury [54], and ag-
ing [13], is also the downstream target of f-catenin/TCF/
LEF-1 pathway [22]. Besides, we also could not exclude
the other downstream transcription factors such as FOX-
Os, would possibly be flared up by p-catenin. Although
we could not prove that in the present study, our results
at least show that TCF/LEF-1 pathway is not the only
downstream effector, since ICG-001 did not exhibit the
same efficacy as KYA1797K. Since Wnt/(-catenin signal-
ing has been involved in the pathogenesis of a variety of
tissue fibrosis [42-47], we believe that KYA1797K, which
could induce the destabilization of B-catenin, may also
have beneficial effects on these fibrotic disorders.

There are also some limitations to our study. First of
all, the experimental design is relatively simple. Only one
animal model is established, and the results need to be fur-
ther validated in natural aging mice. What is more, we do
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not examine other transcription factors associated with
aging, such as the FOXOs family which may also be the
downstream effector of -catenin. Although more studies
are needed, our study shows that effectively eliminating
B-catenin is a more ideal strategy to target kidney aging.
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