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Abstract

Kidney aging leads to an increased incidence of end-stage renal disease (ESRD) in the elderly, and aging is a complex
biological process controlled by signaling pathways and transcription factors. Podocyte senescence plays a central role
in injury resulting from kidney aging. Here, we demonstrated the critical role of C/EBPa in podocyte senescence and
kidney aging by generating a genetically modified mouse model of chronological aging in which (/EBPa was
selectively deleted in podocytes and by overexpressing C/EBPa in cultured podocytes, in which premature senescence
was induced by treatment with adriamycin. Moreover, we illuminated the mechanisms by which podocyte
senescence causes tubular impairment by stimulating HK-2 cells with bovine serum albumin (BSA) and chloroquine.
Our findings suggest that (/EBPa knockout in podocytes aggravates podocyte senescence through the AMPK/mTOR
pathway, leading to glomerulosclerosis, and that subsequent albuminuria exacerbates the epithelial-mesenchymal
transdifferentiation of senescent tubular cells by suppressing autophagy. These observations highlight the importance

of C/EBPa as a new potential target in kidney aging.

Introduction

As the global population has aged, the incidence of
kidney disease in the expanding geriatric population has
grown proportionally. A progressive decline in the phy-
siological function of all organs and systems is a common
characteristic of aging'. In the kidneys, this decline
appears to involve an ~10% decrease in the glomerular
filtration rate per decade after the age of 35°. Histologi-
cally, this change manifests as a loss of functional
nephrons, including podocyte depletion, glomerulo-
sclerosis, tubular atrophy, microvascular rarefaction, and
interstitial fibrosis, as well as a compensation of the
remaining nephrons. Cytologically, aging induces the
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accumulation of damaged organelles, mitochondria, and
protein aggregates within renal cells, causing senescence
and dysfunction. Extending the lifespan has been a mys-
terious and attractive topic throughout human history.
CAAT enhancer-binding proteins (C/EBPs) are a family
of transcription factors belonging to the basic region
leucine zipper (bZIP) family of proteins. They are widely
expressed in liver, fat, and hematopoietic cells and other
terminally differentiated cells®. Previous studies have
found that C/EBPa is broadly expressed in all cells in the
glomeruli and is especially highly expressed in podocytes®.
C/EBPa controls a wide range of cellular processes,
including cellular proliferation and differentiation, energy
metabolism, inflammation, and autoimmunityS. In parti-
cular, our previous study has shown that C/EBPa main-
tains podocyte integrity in an experimental FSGS model
in vivo and in vitro*. However, the effects of C/EBPa in
podocyte senescence and kidney aging remain unknown.
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Here, we demonstrated the protective role of C/EBP« in
podocyte senescence and kidney aging by generating a
genetically modified mouse model of chronologic aging in
which C/EBPa was selectively deleted in podocytes and by
overexpressing C/EBPa in cultured podocytes and indu-
cing senescence by adriamycin. Our findings suggest that
C/EBPa knockout in podocytes aggravates podocyte
senescence, which exacerbates further glomerulosclerosis
and tubular injury in aging mice. These observations
highlight the importance of C/EBPa as a new potential
target in renal aging.

Materials and methods
Animal experiments

Animal maintenance and experimental procedures were
approved by the Animal Care Committee of Ruijin Hos-
pital, Shanghai Jiao Tong University School of Medicine
(Shanghai, China). Mice were housed in a specific
pathogen-free room at a constant temperature of 22 +
2°C and a constant humidity of 50 + 5% under a 12-h day/
night cycle. Podocin-Cre and floxed Cebpa (Cebpa™/°%)
transgenic mice on the C57BL/6 background were crossed
to generate Cebpad™*/**; podocin-Cre mice (hereafter
referred to as Cebpa’*?"/ mice), and they were bred and
genotyped in our laboratory as described previously®. For
studies involving the deletion of C/EBPa in podocytes in
aging mice, mice were divided into the following four
groups: Cebpa”® /" mice that were killed at 12 weeks
and 20 months of age (the WT-Young group and the WT-
Aging group, respectively) and Cebpa™*#/ littermates
(the KO-Young group and the KO-Aging group). Mice
were given free access to chow and water.

Cell culture

HK-2 cells were obtained from American Type Culture
Collection (Manassas, VA, USA) and cultured in DMEM/
F12 medium with 10% fetal bovine serum. Immortalized
mouse podocytes were kindly provided by Professor John
Cijiang He (Department of Nephrology, Icahn School of
Medicine at Mount Sinai, New York, NY, USA), cultured
as previously described®, and differentiated at 37 °C for
3 days. Podocytes were transfected as previously descri-
bed®. C/EBPa NGFR overexpression plasmid and its
negative control were gifts from Ellen Rothenberg
(Addgene plasmid #44627, Watertown, MA, USA)”.

Metabolic and physiologic parameters

Before the mice were euthanized, they were provided
water ad libitum, and 24-h urine was collected in meta-
bolic cages. The urinary albumin concentration was
measured by using a Mouse Albumin ELISA Quantitation
Set (Bethyl Laboratories, Inc., Montgomery, TX, USA).
The urinary creatinine concentration in the same sample
was measured by using the QuantiChrom™ Creatinine
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Assay Kit (BioAssay Systems, Hayward, CA, USA)
according to the manufacturer’s protocol.

Kidney histopathology

The kidneys were removed from anesthetized mice and
were immediately fixed in 4% paraformaldehyde, embed-
ded in paraffin, and sectioned at 4 um. The sections were
stained with periodic acid-Schiff (PAS) and Trichrome
Masson. PAS micrographs were observed to estimate the
glomerular tuft and mesangial areas. The cross-sectional
area of the glomerular tuft was determined from outlines
of the tuft using the program Adobe Photoshop 7.0
(Adobe Systems, Inc., San Jose, CA). The mesangial
fraction was calculated as the ratio of the mesangial area
to the area of the glomerular tuft*. Histopathological
characteristics were quantified in a blinded fashion based
on at least ten glomeruli per mouse at a magnification
of ~x400 (DM1000, Leica, Germany).

Transmission electron microscopy

Renal cortical tissues were fixed in 2% glutaraldehyde in
phosphate-buffered solution (pH 7.4). Samples were fur-
ther incubated with 2% osmium tetroxide in phosphate-
buffered solution (pH 7.4) for 2 h at 4 °C. Ultrathin sec-
tions were stained with lead citrate and uranyl acetate and
viewed on a HT770 transmission electron microscope
(Hitachi, Japan) at an accelerating voltage of 80 kV. Ima-
geJ] 1.51k software (National Institutes of Health, rsb.info.
nih.gov) was used to measure the glomerular membrane
thickness. After separating out the various segments and
leaving only the GBM, we used BoneJ, an Image] plugin
for bone image analysis, to measure the GBM thickness as
previously described®.

Total RNA extraction and quantitative real-time PCR

The total RNA from renal cortical tissues was extracted
by using TRIzol (Applied Biosystems, Waltham, MA,
USA). The RNA concentration was measured by an ND-
1000 spectrophotometer (NanoDrop Technologies, Wil-
mington, DE, USA). First-strand cDNA synthesis was
performed by using 2 pg of RNA and the High-Capacity
c¢DNA Reverse Transcription Kit (Applied Biosystems)
according to the manufacturer’s instructions. Real-time
quantitative RT-PCR was performed using SYBR” Premix
Ex Taq™ (TAKARA, Japan) and the StepOnePlus real-
time PCR system (Applied Biosystems). The sequences of
the mouse primers for vimentin, B-actin, p21<"**, p27<"",
and pI15™* are available on request. The sequences of
the oligonucleotide primers for mnephrin, synaptopodin,
podocin, WT-1, and podocalyxin were also available as
previously described*. The expression levels of each
mRNA were calculated after normalizing to those of
B-actin. The results were analyzed by using the com-
parative cycle threshold (2724CY method.
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Immunohistochemistry staining

IHC staining was performed on paraffin-embedded
kidney sections following standard procedures by incu-
bating the sections in a primary antibody against LC3B
(Cell Signaling Technology, Inc., Danvers, MA, USA), E-
cadherin (Abcam, UK), a-SMA (Santa Cruz Biotechnol-
ogy, CA, USA) and FSP1 (S100A4, Abcam) at 4 °C over-
night. After washing, the sections were incubated with
biotinylated secondary antibodies, followed by incubation
with an avidin—biotin—peroxidase complex for DAB
substrate development using the ABC kit (Vector
Laboratories, Burlingame, CA, USA) at room tempera-
ture, and they were mounted using Aqua PolyMount
(Polysciences, Inc., Warrington, PA, USA). Images were
acquired by using a Leica DM1000 microscope with a
digital camera.

Immunofluorescence

After antigen retrieval and blocking, 5-mm kidney
paraffin sections were incubated overnight at 4°C with
goat anti-synaptopodin (Santa Cruz Biotechnology),
mouse anti-WT-1 (Santa Cruz Biotechnology), mouse
anti-p16™** (Abcam), or mouse anti-C/EBPa primary
antibodies (Santa Cruz Biotechnology). After washing, the
sections were incubated with FITC-conjugated donkey
anti-mouse/anti-goat secondary antibodies. The sections
were examined using an AxioVert A1 microscope (Zeiss,
Germany) with a digital camera. Image] 1.51k software
(National Institutes of Health) was used to measure the
level of immunostaining in the glomeruli. First, the images
were converted into 8-bit grayscale images. The glo-
merular regions were selected to measure the area. After
grayscale inversion, the optical density (OD) was cali-
brated. Then, the positively stained regions in the glo-
meruli were selected with appropriate settings and
concordant thresholds, the cells were counted, the posi-
tively stained area was calculated, and both measurements
were normalized to the glomerular areas.

Senescence-associated -galactosidase staining

Senescence-associated -galactosidase (SA-(-gal) staining
of renal tissue was performed in the OCT freezing medium
and SA-P-gal staining of podocytes was performed in glass
dishes (Thermo Scientific, USA) using the Senescence
-Galactosidase Staining Kit (cat. no. 9860, Cell Signaling
Technology, USA). Briefly, 10-um tissue cryosections were
fixed at room temperature for 5 min in fixative solution and
then processed according to the manufacturer’s protocol.
Images were acquired using a Leica DM1000 microscope
and quantified using Image] 1.51k software.

Western blot analysis

Renal cortical tissues were ground and lysed, and cells
were collected and lysed in RIPA buffer containing the
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protease inhibitor cocktail. Equal amounts of protein
samples were loaded on SDS polyacrylamide gels, trans-
ferred to PVDF membranes (Millipore, MA, USA), probed
with antibodies, and visualized with the Luminescent
Imaging Workstation (Tanon, China). The band inten-
sities were quantified using Image]. The following anti-
bodies were used: rabbit anti-nephrin antibody (Abcam),
mouse anti-E-cadherin antibody (Abcam), mouse anti-a-
SMA antibody (Santa Cruz Biotechnology), rabbit anti-
p62 antibody (Cell Signaling Technology, Inc.), and rabbit
anti-LC3B antibody (Cell Signaling Technology, Inc.).
Mouse anti-B-actin antibody (Sigma, MA, USA) or mouse
anti-GAPDH antibody (Abcam) was used as loading
controls.

Statistical analyses

The group data are expressed as the mean * standard
error of the mean (SEM). Comparisons between two
groups were performed using an unpaired ¢ test after
determining the distribution and variance of the data.
One-way analysis of variance (ANOVA) followed by
Tukey’s multiple-comparison test was used when more
than two groups were present. All tests were two-tailed,
and P < 0.05 was considered to be a statistically significant
result.

Results
Characterization of C/EBPa expression in a podocyte-
specific C/EBPa-null mouse model and in a chronologic
aging mouse model

We crossed Cebpa-floxed (Cebpa™*/°*) mice with
transgenic mice expressing podocyte-specific Cre recom-
binase under the podocin promoter (podocin-Cre) to
generate podocyte-specific C/EBPa knockout (Cebpa’**)
mice and control (Cebpap od-—+/ ™) mice as described pre-
viously®. There were 69 mice in each group. Our pre-
vious work has shown that under basal conditions, young
mice with a podocyte-specific deletion of C/EBPa (KO-
Young) are phenotypically normal up to the age of
12 months and born in accordance with the Mendelian
law in a proportional male-to-female ratio®. Therefore,
the young and aging groups were sacrificed at 3 and
20 months of age, respectively. To assess the change in
C/EBPa expression with aging, we isolated the renal
cortices for western blotting and found that the C/EBPa
level in KO mice was robustly downregulated
compared with that in WT mice, and aging also sig-
nificantly reduced the C/EBPa levels (Fig. 1la, b). By
examining the colocalization of C/EBPa and the podocyte
marker synaptopodin by immunofluorescence, we found
that C/EBPa in the kidneys was mainly expressed in
podocytes and that C/EBPa expression in podocytes was
specifically deleted in KO mice and downregulated upon
aging (Fig. 1c).
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Fig. 1 Podocyte-specific C/EBPa knockout in aging mice. a Western blot analysis was used to assess an altered expression in renal cortical tissues
from aging mice and to confirm the disruption of C/EBPa expression in /EBPa™* " mice. B-actin was used as a loading control. b The quantification
of the average band intensity for C/EBPa. The values of expression in the (/EBPa™d+/+ young (WT-Young) group were set as 1. The results are

presented as the means + SEMs. One-way analysis of variance (ANOVA) followed by Tukey’s multiple-comparison test was used. *P < 0.05, **P < 0.01,
and **P < 0.001 between the indicated groups. ¢ Representative immunostaining micrographs of C/EBPa (green) and synaptopodin (red, indicating
podocytes) show decreased C/EBPa expression in podocytes upon aging and the deletion of C/EBPa upon knockout. The scale bars =20 um. All

Synaptopodin C/EBPa

images are merged projections of 594- and 488-nm Z-serial channels

Targeted deletion of C/EBPa in podocytes accelerates
podocyte senescence in chronologic aging mice

We then investigated the structural and functional
impairment of podocytes in aging mice. The western blot
results in the renal cortices showed that the nephrin
expression level was significantly downregulated upon
aging and was decreased more markedly in the KO-Aging
group than in the WT-Aging group (Fig. 2a, b). The
mRNA levels of several podocyte markers, including
nephrin, synaptopodin, podocin, WT-1, and podocalyxin
in the isolated renal cortical tissues were next determined
by real-time quantitative PCR analysis and were also
reduced significantly in KO-Aging mice compared with
WT-Aging mice (Fig. 2c). Moreover, transmission elec-
tron microscopy (TEM) micrographs also revealed
podocyte foot process effacement and glomerular base-
ment membrane (GBM) thickening upon aging and these
morphological injuries were more serious in KO-Aging
mice than in WT-Aging mice (Fig. 2d, e). In addition to
aggravating morphological injuries, C/EBPa loss in
podocytes also accelerated functional destruction induced
by aging, which was demonstrated by the significantly
increased urinary albumin-to-creatinine ratio in WT-
Aging mice compared with that in the other three groups
(Fig. 2f).

To better understand whether an exacerbated podocyte
impairment in KO-Aging mice is due to the acceleration
of podocyte senescence by C/EBPa knockout, we first
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evaluated double immunostaining of the podocyte nuclear
marker WT-1 and the cellular senescence marker
p16™*** The micrographs show significantly increased
p16™%# accumulation (Fig. 3a, g) and a reduced number
of WT-1-positive cells (Fig. 3b, e, h) in the glomeruli upon
aging, and C/EBPa knockout markedly enhanced these
trends. The micrographs showing the colocalization of
p16™%* and WT-1 indicated increased p16™%** accu-
mulation in WT-1-positive cells in both WT and KO mice
in the chronologic aging mouse model (Fig. 3d). More-
over, p16™%* accumulation in WT-1-positive cells was
more serious in KO-Aging glomeruli than in WT-Aging
glomeruli (Fig. 3d), although the percentage of WT-1-
positive nuclei was reduced sharply in KO-Aging glo-
meruli (Fig. 3b, e, h).

We further determined the activity level of SA-p-gal, the
most commonly used marker of cellular senescence, in
the kidneys and found that similar to the accumulation of
p16™ *  positive staining in KO-Aging glomeruli
increased significantly compared with that in WT-Aging
glomeruli (Fig. 4a, b), which confirmed that C/EBPa
deletion accelerated podocyte senescence upon aging.
Moreover, SA-B-gal activity was significantly increased in
aging cortices compared with those in young cortices;
however, it was not further increased in the KO-Aging
group compared with the WT-Aging group (Fig. 4c, d). In
addition, we quantified the mRNA levels of cellular
senescence markers, including the cyclin-dependent
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Fig. 2 Conditional deletion of C/EBPa in podocytes exacerbates structural and functional impairment of senescent podocytes. a The
expression of the podocyte marker nephrin in the renal cortices of young and aging wild-type and knockout mice (the WT-Young, KO-Young, WT-
Aging, and KO-Aging groups) was determined by western blot analysis. b Densitometric analyses of the western blots in (a). The relative intensities of
the bands were normalized to the intensities of the respective 3-actin signal, and the value of the WT-Young group was set to 1. ¢ The quantification
of the mRNA expression levels of podocyte markers in the four groups described in (a). d Representative TEM micrographs of foot processes and the
GBM in the WT-Young, KO-Young, WT-Aging, and KO-Aging groups. The scale bars = 2.0 um. e The quantification of GBM thickness. f The
development of proteinuria in aging (/EBPa™**"" mice (the KO-Aging group) was determined by the urinary albumin-to-creatinine ratio. The results
are presented as the means + SEMs. One-way analysis of variance (ANOVA) followed by Tukey's multiple-comparison test was used. *P < 0.05
compared with all the other groups, *P < 0.05, **P < 0.01, and ***P < 0.001, NS no significance between the indicated groups

kinase inhibitors p21<"% p275"1 and p15™* in the
kidney cortices and found that they were increased sig-
nificantly in the aging groups compared with the young
groups (Fig. 4e). Consistent with the results of SA-B-gal
staining, mice with podocyte-specific C/EBPa deletion
exhibited no changes in the mRNA levels of these markers
compared with those exhibited by wild-type mice of the
same age (Fig. 4e). On the basis of our data, we hypo-
thesized that C/EBPa knockout aggravates aging-induced
podocyte senescence, which manifests as the impaired
podocyte structure and function and the accumulation of
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senescent markers, but this accumulation is not sig-
nificantly aggravated in the tubulointerstitium.

Deletion of C/EBPa in podocytes exacerbates aging-
induced glomerulosclerosis and tubulointerstitial EMT

To further investigate whether C/EBPa loss in podo-
cytes affects kidney injury caused by aging, we performed
histological staining and TEM micrograph analysis and
found that aging induced significant mesangial expansion
and more substantial mesangial matrix accumulation in
KO-Aging glomeruli than in WT-Aging glomeruli as
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Fig. 3 Conditional deletion of C/EBPa in podocytes enhances p16™%“? accumulation and podocyte loss upon aging. Representative
immunofluorescence micrographs of kidney sections from wild-type and C/EBPa knockout mice at 12 weeks and 20 months of age stained with
primary antibodies against p16’NK4a (green) (@) and WT-1 (red) (b). The nuclei were counterstained with DAPI (blue). ¢, d The images are merged
projections of 594- and 488-nm Z-serial channels. @ The images are merged projections of 454- and 488-nm Z-serial channels. f The images are a
merged image of the three channels. g The quantification of the p16™““ level in the glomeruli, and h the number of WT-1-positive cells per um? in
the glomerular tuft area were determined by counting ten random glomeruli in each group from three independent experiments. The data are
shown as the mean + SEM. Statistical analysis was performed by one-way ANOVA followed by Tukey's multiple-comparison test. *P < 0.05 and ***P <
0,001 between the indicated groups; **P < 0.001 compared with the other three groups. In panels (a—f), the scale bars = 20 um
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Fig. 4 Senescence markers in the aging kidney. a Representative micrographs showing SA-B-gal staining in the glomeruli from wild-type and C/
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(n = 5 mice per group). e The MRNA expression of p21%%" p27%" and p15™%® in the renal cortices from the four groups. The results are presented as
the means + SEMs. *P < 0.05, **P < 0.01, and ***P < 0.001, NS no significance between the indicated groups, and P < 0.001 compared with the other
three groups, as analyzed by Tukey's test after one-way ANOVA (n = 6-8 for each group)

measured by PAS staining (Fig. 5a, row 1 and Fig. 5b).
Similarly, with Trichrome Masson staining and TEM, we
found that the increase in the extracellular matrix in KO-
Aging glomeruli was more serious than that in WT-Aging
glomeruli (Fig. 5a, rows 2 and 3). In addition, the PAS-
staining micrographs showed moderate tubular basement
thickening in the WT-Aging group, but serious thicken-
ing in the KO-Aging group (Fig. 5a, row 1), and Tri-
chrome Masson staining also showed increased
tubulointerstitial fibrosis in the KO-Aging group com-
pared with the other three groups (Fig. 5a, row 2). These
results demonstrated that podocyte-specific C/EBPa
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knockout not only aggravates glomerulosclerosis in the
setting of chronologic aging, but also induces the devel-
opment of tubulointerstitial injury.

Our observations suggested greater tubular basement
thickening in the KO-Aging group than in the WT-Aging
group based on PAS staining despite similar degrees of
tubular cell senescence based on SA-B-gal staining. To
confirm that C/EBPa loss in podocytes aggravates tubu-
lointerstitial epithelial-mesenchymal transdifferentiation
(EMT), we isolated renal cortices and evaluated E-
cadherin and o-SMA levels by western blotting. The
expression levels of both E-cadherin and a-SMA showed



Zhang et al. Cell Death and Disease (2019)10:684 Page 8 of 15

KO-You

1004

=
b

P
=3
I

I
7

n
i

mesangial matrix
area/glomerular area (%)

04

KO wr KO

Young Aging
C Young Aging f
WT KO WT Ko
WT-Young KO-Young WT-Aging KO-Aging
-55kD

r E-cadherin

B-actin m -43kD
d

1.5 bolsind
wxx
= —_——
G
:‘; 10 o
£ . a-SMA
S —_—
] 0.5
g
uj e
0.0-
WT KO WT KO
Young Aging
0 FSP1
8
< i
§ e
@ .
< —_——
S 4
»
&
2
[
WT KO WT KO
Young Aging
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results are presented as the means + SEMs. *P < 0.05, **P < 0.01, and ***P < 0.001 between the indicated groups, as analyzed by Tukey's test after one-
way ANOVA (n = 6-8 for each group)
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no significant change between WT-Young and KO-Young
mice; however, the level of E-cadherin decreased and the
level of o-SMA increased significantly upon aging
(Fig. 5c—e). The changes were more significant between
the WT-Aging and KO-Aging groups (Fig. 5c—e). Then,
we conducted immunohistochemistry (IHC) staining to
determine the localization of EMT indicators. E-cadherin
was mainly expressed in tubular cells, and a-SMA was
expressed in the interstitium. The variations among the
four groups were the same as those shown by western blot
(Fig. 5f, rows 1 and 2). The positive area of FSP-1 in IHC
staining, which was mainly located in the tubulointer-
stitium, also increased upon aging, and C/EBPa deletion
in podocytes induced a greater accumulation of FSP-1
(Fig. 5f, row 3). Based on these findings, we concluded
that the targeted knockout of C/EBPa expression in
podocytes results in the exacerbation of glomerulo-
sclerosis and tubulointerstitial EMT upon aging.

Albuminuria in podocyte-specific C/EBPa-null aging mice
aggravates tubulointerstitial EMT

We found that podocyte-targeted C/EBPa deletion
aggravates tubulointerstitial EMT in aging mice, but how
genetic deletion in podocytes affects tubular phenotypes
remains an intriguing question. It has been proposed that
tubular cells exhibit a high level of constitutive autophagy,
and autophagy deficiency accelerates tubular injury’.
Therefore, we also investigated whether aging-induced
EMT in tubular cells is accompanied by abnormal autop-
hagy homeostasis. First, we determined the change in the
expression of the autophagy markers p62 and LC3B in renal
cortices by western blotting and found that p62 was upre-
gulated slightly in WT-Aging mice compared with mice
from both young groups, but aging reduced the expression
of LC3-1I significantly (by ~50%, P<0.01) (Fig. 6a—c).
Moreover, in the KO-Aging group, the expression level of
p62 was significantly higher than that in all other groups,
and LC3-II decreased more significantly (by ~80%,
P <0.001 as compared with the WT-Young group) than in
the WT-Aging group (Fig. 6a—c). IHC staining of LC3B
showed that it was mainly expressed in tubular cells, and
the decrease in the positive area and degree indicated
decreased autophagic activity in senescent tubules after
the disruption of podocyte-specific C/EBPa expression
(Fig. 6d). These findings indicate that dysregulated autop-
hagy may be involved in the occurrence and progression of
tubular EMT in a chronologic aging model.

We next employed HK-2 cells to construct the model
and confirm the mechanism in vitro. Given that albumi-
nuria was increased in the KO-Aging group compared
with the WT-Aging group, HK-2 cells were stimulated by
bovine serum albumin (BSA), and the western blotting
results showed that stimulation with 20 mg/mL BSA for
24 h caused tubular cell EMT, which was demonstrated by
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a significantly reduced expression of E-cadherin, increased
expression of a-SMA (Fig. 6e—g), and the suppression of
autophagy, which was demonstrated by significantly
increased levels of p62 and decreased levels of LC3-1I/I
(Fig. 6e, h, i). These results were consistent with the
changes in tubular cells in WT-Aging mice in vivo.
Adding 100 uM CQ (an autophagy inhibitor) in addition to
20 mg/mL BSA (BSA + CQ group) caused more dramatic
increases in the levels of p62 and LC3-II/1 (Fig. 6e, h, i),
indicating that CQ blocked autophagosome fusion and
degradation. A further reduction in E-cadherin expression
and an increase in a-SMA expression (Fig. 5e—g) were
observed in the BSA + CQ group compared with the BSA
group. Taken together, these results suggest that albu-
minuria accelerates tubular EMT by blocking autophagy
in aging kidneys.

C/EBPa overexpression alleviates ADR-induced premature
podocyte senescence

We subsequently explored the role and mechanism of
C/EBPa in podocyte senescence in vitro. ADR, a che-
motherapeutic agent that causes DNA damage, was
employed at a concentration of 0.5puM to induce the
premature senescence'®'! of podocytes, and we found
that the expression level of C/EBPa decreased sig-
nificantly in podocytes treated with ADR (0.5 uM ADR
group) compared with podocytes not treated with ADR
(control group) (Fig. 7a, b). Next, we investigated whether
overexpressing C/EBPa can reverse ADR-induced senes-
cence. The overexpression of C/EBPa was confirmed
through western blotting (Fig. 7a), and the morphology
and positive staining of SA-P-gal staining was not
obviously altered by C/EBPa overexpression (Fig. 7c,
upper row). However, ADR stimulation apparently
aggravated senescent phenotypes (Fig. 7c, lower left cor-
ner), including enlarged podocytes, increased the activity
of SA-B-gal (Fig. 7c, indicated by arrows) and binucleate/
multinucleate podocytes (Fig. 7c, indicated by triangles),
and C/EBPa overexpression substantially attenuated these
morphologic characteristics of senescence and SA-p-gal
activity accumulation (Fig. 7c, lower right corner).

To test whether C/EBPa overexpression exerts a pro-
tective effect against ADR-induced podocyte senescence,
we determined the protein levels of the podocyte markers
synaptopodin and nephrin through western blotting, and
found that the expression of both of these markers
decreased significantly in induced senescent podocytes
(NGER vector + ADR) compared with control podocytes
(NGFR vector + control), and C/EBPa overexpression
reversed the decreased expression of synaptopodin and
nephrin (NGFR-C/EBPa + ADR) (Fig. 8a, b). ADR sti-
mulation also significantly induced the expression of
TGEF-p1, PAI-1, and NLRP3 (Fig. 8c, d), which demon-
strates the senescence-associated secretory phenotype
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loading control for p62. b The densitometric analysis of the bands in (a) indicating significantly increased p62 expression in KO-Aging mice. ¢ The
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Young group and a more dramatic decrease in the KO-Aging group. d Representative immunohistochemical micrographs of LC3B in the four groups
confirmed the altered expression observed by western blotting. @ Western blot bands for EMT markers (E-cadherin and a-SMA) and autophagic
markers (p62 and LC3-II/LC3-) in HK-2 cells stimulated with 100 uM CQ + 20 mg/mL BSA for 24 h (the cell was prestimulated with CQ for 2 h before
the addition of BSA). GAPDH served as a loading control. f-i The densitometric analysis of the bands in (e). The relative intensities in the WT-Young
group were set to 1. The results are presented as the means + SEMs. *P < 0.05, **P < 0.01, and ***P < 0.001, NS no significance between the indicated

groups, as analyzed by Tukey's test after one-way ANOVA (n = 6-8 for each group for the mouse experiments and n =3 in triplicate for the cell
experiments)

(SASP) of podocytesu; however, the expression of these =~ ADR group (Fig. 8c, d). Moreover, ADR stimulation
proteins was significantly decreased in the NGFR-C/ induced the mRNA expression of CTGF and VEGFA in
EBPa 4 ADR group compared with the NGFR vector +  podocytes, and this effect was reversed by C/EBPa
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overexpression (Fig. 8e). In addition, C/EBPa over-
expression reversed the reduction in phospho-AMPK
expression and the increase in phospho-mTOR expres-
sion induced by ADR (Fig. 8f, g), which might suggest a
potential molecular mechanism.

Discussion

This study identified the importance of C/EBPa in
podocyte senescence and its effect on aging-induced
kidney injury. Although two previous studies reported the
underlying relationship between C/EBPa and cellular
senescence %, to our knowledge, this is the first study to
elucidate the importance of C/EBPa in aging-related
kidney injury. We found that the podocyte-specific dele-
tion of C/EBPa accelerated podocyte senescence in vivo,
which manifested as the accumulation of senescent
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markers in podocytes, unstable structure, impaired func-
tion, the synthesis of more extracellular matrix, and an
increase in albuminuria. In addition, albuminuria aggra-
vated tubulointerstitiall EMT by inhibiting autophagy.
Moreover, we confirmed the protective role of C/EBPa in
ADR-induced premature senescence in cultured mouse
podocytes.

Cell senescence has been proposed to be a state of
irreversible growth arrest despite the maintenance of
metabolic activity'®. This does not mean that all cell types
that permanently withdraw from the cell cycle, such as
postmitotic neuron-like podocytes, which undergo term-
inal differentiation and exhibit functional and morpho-
logical changes during the process of differentiation and
maturity, are senescent. As reported in the literature'®
senescence in vitro can be divided into two types, namely,
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replicative senescence and induced senescence, which are
the results of DNA damage with and without telomere
shortening, respectively. The former is caused by mitosis
and the latter is caused by exogenous stressors. Podocytes
have no proliferative capacity in adult mammals or under
completely differentiated conditions in vitro. Because
these cells exit replication and the quiescent cell cycle
means, it is difficult to model replicative or induced
senescence based on completely differentiated podocytes
in vitro. Therefore, we employed partially differentiated
podocytes, which, like podocytes in infantile mammals,
maintain some proliferative capacity and express synap-
topodin, one of the most sensitive and specific markers of
differentiated podocytes identified thus far'’, to induce
premature senescence by ADR.

We determined that podocyte-specific C/EBPa deletion
aggravated podocyte chronologic senescence in vivo, and
the genetic upregulation of C/EBPa improved ADR-
induced premature senescent phenotypes, including
mitotic catastrophe (MC) and SASP in vitro. Podocytes
require an actin cytoskeleton to maintain their sophisti-
cated morphological structure; however, binucleate/mul-
tinucleate podocytes lose their normal markers and foot
processes. Cultured podocytes exposed to ADR exited
mitosis, became binucleate/multinucleate, and underwent
senescence. Aneuploid podocytes are a feature of MC
both in vitro and in vivo, which indicates that they may
detach and die over a short period of time'®. SASP is a
common characteristic of all types of senescence, and
these alterations include the production of some secreted
factors that enhance the senescence of the cell per se or
the surrounding cells, such as plasminogen activator
inhibitor-1 (PAI-1), its upstream TGE-B1'%, and the
NLRP3 inflammasome'’, through paracrine and autocrine
mechanisms’. Moreover, the upregulation of podocyte
connective tissue growth factor (CTGF) and vascular
endothelial growth factor (VEGF)-A has paracrine effects
on mesangial cells that caused them to overproduce
matrix proteins and ultimately contribute to mesangial
matrix accumulation and glomerulosclerosis in chronic
glomerular disease'®. Subsequently, we tested the mole-
cular mechanism of this process. AMP-activated protein
kinase (AMPK) is a crucial sensor of energy, and a
mammalian target of rapamycin (mTOR) has been iden-
tified as a senescence-regulated factor. The phosphoryla-
tion of the catalytic subunit AMPKal is known to
phosphorylate the mTOR-binding partner Raptor directly,
and Raptor phosphorylation inhibits mTOR activity*'.
mTOR complexes are one of the most conserved factors
involved in aging, and genetic polymorphisms associated
with reduced mTOR activity have been linked to longevity
both in humans and in model organisms>*~>*, Researchers
have suggested that mTOR promotes renal aging in vivo>’
and renal tubular epithelial cell senescence in vitro®®, but
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there have been few reports on the effects of mTOR on
podocyte senescence. AMPK shuts down the mTOR
complex to participate in energy-dependent senescence
regulation and was demonstrated in this study to be a part
of the molecular mechanism by which C/EBPa regulates
podocyte senescence.

It has been reported that C/EBPq, in addition to playing
a role in transcriptional regulation, influences cell fate by
controlling proliferation, including the induction and
stabilization of p21“”” ¥/, and the direct interaction and
inhibition of kinases cdk2 and cdk4?®, and E2F-Rb com-
plexes®®. These molecules are also important markers of
the p53-Rb senescent pathway. Our experiments on cul-
tured podocytes showed that the expression of these
markers was induced by ADR, but C/EBPa over-
expression had no effect on the levels of these markers
(data not provided). In addition, we found that under
aging conditions, both protein and mRNA levels of
podocyte markers, nephrin, podocin, synaptopodin, and
WT-1, varied significantly with knockout/overexpression
of C/EBPa in vivo and in vitro; however, the effects of
C/EBPa on the four podocyte markers were mild and with
no significance in protein and mRNA levels in the young
mice. These findings suggest that the effects of C/EBPa on
the four markers are senescence-dependent and through
different molecular mechanisms under young and aging
conditions. Given that C/EBPa promotes metabolism and
inhibits inflammation in macrophages®>*" and that meta-
bolic and inflammatory disorders are important mechan-
isms for promoting cell senescence, we hypothesized that
C/EBPa inhibits podocyte senescence by regulating
metabolism and inflammation, and we subsequently con-
firmed this scientific hypothesis. We revealed that C/EBP«
regulates podocyte senescence through mechanisms
associated with metabolism (the AMPK/mTOR pathway
in this study) or inflammation (the NLRP3 inflammasome
in this study), but not with cell cycle proteins or the p53-
Rb pathway. However, it remains unclear which genes are
directly transcriptionally regulated by C/EBPa, as a tran-
scriptional factor, to mitigate podocyte senescence.

C57BL/6 mice might be an appropriate model for
studying kidney aging because they, like humans, do not
develop proteinuria upon physiological aging, but instead
show a loss of functional nephrons as the main pheno-
type®®. As terminally differentiated cells with minimal
proliferation capacity, podocytes play a central role in
renal aging®®. Recent observations have suggested that
podocyte depletion causes glomerulosclerosis in various
glomerulopathies, such as diabetic glomerulosclerosis,
IgA nephropathy, and hypertensive glomerulosclerosis®*,
followed by subsequent tubular injury and interstitial
fibrosis®. After C/EBPa was specifically knocked out in
podocytes in our study, significant albuminuria, which
was accompanied by greater podocyte senescence and
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depletion occurred in aging mice. Therefore, we consider
podocyte senescence to be the initiating process of aging-
related glomerulosclerosis and tubular injury. Subse-
quently, we verified one of the mechanisms that podocyte
senescence leads to tubular injury by employing the cul-
tured HK-2 cells in vitro; albumin overload was one of the
causes and autophagy inhibition was its mechanism.
Tubular cells are epithelial cells with high-energy con-
sumption and high levels of constitutive autophagy and
autophagy diminishes with aging®. Autophagy repression
enhances tubular cell apoptosis and interstitial fibrosis®.
Therefore, we focused mainly on autophagy and found
that autophagy activity was decreased with increased
tubular EMT in both aging mice and BSA-stimulated HK-
2 cells, and the induction of EMT by BSA was enhanced
by the inhibition of autophagy by CQ in vitro.

In summary, our findings identified C/EBPa in podo-
cytes as a crucial factor for podocyte senescence and
kidney homeostasis upon aging, and the AMPK/mTOR
pathway as the molecular mechanism. In addition, we
demonstrated that aging-related tubular EMT was
aggravated by albuminuria and reduced autophagic
activity. The findings reported herein may be pertinent
not only to chronologically aging animals, but also pre-
mature senescence, and these insights may offer new
approaches for the treatment and prevention of the
course of renal injury in aging.
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