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CCDC92 promotes podocyte injury by regulating PA28a/
ABCAIl/cholesterol efflux axis in type 2 diabetic mice

Fu-wen Zuo', Zhi-yong Liu', Ming-wei Wang"', Jun-yao Du', Peng-zhong Ding’, Hao-ran Zhang', Wei Tang?, Yu Sun', Xiao-jie Wang’,
Yan Zhang', Yu-sheng Xie', Ji-chao Wu', Min Liu'®, Zi-ying Wang'™ and Fan Yi'>**

Podocyte lipotoxicity mediated by impaired cellular cholesterol efflux plays a crucial role in the development of diabetic kidney
disease (DKD), and the identification of potential therapeutic targets that regulate podocyte cholesterol homeostasis has clinical
significance. Coiled-coil domain containing 92 (CCDC92) is a novel molecule related to metabolic disorders and insulin resistance.
However, whether the expression level of CCDC92 is changed in kidney parenchymal cells and the role of CCDC92 in podocytes
remain unclear. In this study, we found that Ccdc92 was significantly induced in glomeruli from type 2 diabetic mice, especially in
podocytes. Importantly, upregulation of Ccdc92 in glomeruli was positively correlated with an increased urine albumin-to-
creatinine ratio (UACR) and podocyte loss. Functionally, podocyte-specific deletion of Ccdc92 attenuated proteinuria, glomerular
expansion and podocyte injury in mice with DKD. We further demonstrated that Ccdc92 contributed to lipid accumulation by
inhibiting cholesterol efflux, finally promoting podocyte injury. Mechanistically, Ccdc92 promoted the degradation of ABCA1 by

regulating PA28a-mediated proteasome activity and then reduced cholesterol efflux. Thus, our studies indicate that Ccdc92
contributes to podocyte injury by regulating the PA28a/ABCA1/cholesterol efflux axis in DKD.
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INTRODUCTION

Diabetic kidney disease (DKD), a major complication of diabetes,
has been considered as the leading cause of end-stage renal
disease (ESRD) [1]. An increasing number of studies have
suggested that dysregulation of lipid metabolism in the kidney
is a major determinant of DKD [2]. Although accumulation of lipids
occurs in podocytes, mesangial cells and proximal tubule
epithelial cells, different renal parenchymal cells show different
sensitivities to lipid accumulation in DKD [3]. Notably, podocytes
are especially sensitive to lipotoxic injury, causing insulin
resistance and cell death [3]. Lipid metabolism in podocytes is a
dynamic process, including lipid synthesis, uptake, oxidation,
lipolysis and efflux [4, 5]. Recent studies indicate that impaired
cellular cholesterol efflux plays a crucial role in the pathogenesis
of podocytes [6-8]. Improving cholesterol efflux attenuates
podocyte injury in glomerular disease [6]. Therefore, the
identification of potential therapeutic targets that alter podocyte
cholesterol efflux is of importance in DKD.

Coiled-coil domain containing 92 (CCDC92), also known as
Limkain Beta 2 and FLJ22471, has been reported to be associated
with obesity, type 2 diabetes (T2D), and coronary artery disease
[9-12]. A very recent study demonstrated that Ccdc92 knockout
reduced obesity and increased insulin sensitivity under high-fat
diet (HFD) conditions. Through the generation of Ccdc92 knockout
mice, the researchers mainly addressed the importance of CCDC92

in adipocyte differentiation and inflammation-mediated insulin
resistance [13], and their results suggested that CCDC92 may be a
key factor in metabolic disorders. However, the roles and exact
mechanisms of CCDC92 in lipid metabolism and related diseases,
especially diabetic kidney disease, are still unclear.

In this study, we found that CCDC92 was induced in podocytes
from type 2 diabetic mice. Ccdc92 deficiency in podocytes
reduced lipid accumulation by increasing cholesterol efflux.
Mechanistically, Ccdc92 promoted the degradation of ATP-
binding cassette transporter 1 (ABCA1) by regulating PA28a-
mediated proteasome activity, finally leading to the inhibition of
cholesterol efflux in podocytes. Our findings suggest that Ccdc92
contributes to podocyte injury by regulating the PA28a/ABCA1/
cholesterol efflux axis in DKD.

MATERIALS AND METHODS
Details of the methods are provided in the supplementary
complete materials and methods section.

Establishment of podocyte-specific Ccdc92 knockout mice

Ccdc92™"  (Ccdc92™") mice (C57BL/6J) were provided by
Shanghai Model Organisms Center, Inc. (Shanghai, China) and were
crossed with mice expressing Cre recombinase (Cre) under the
control of the podocin promoter (B6.Cg-TgINPHS2-cre]295Lbh/J;
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The Jackson Laboratory) to generate mice with podocyte- feciﬁc
Cedc92 knockout mice (Podocin-Cre/Ccdc92™™; Cret /Cedc92™).

Spontaneous type 2 diabetic db/db (BKS) mice

Heterozygous BKS db/m mice (BKS.Cg-Dock7™ +/+Lepr®®/J, Stock
No. 000642) and homozygous BKS db/db mice (B6.BKS(D)-Lepr®/J,
Stock No.000697) were purchased from The Jackson Laboratory.

SPRINGER NATURE

Generation of podocyte-specific Ccdc92 knockout mice with
spontaneous type 2 diabetes

Mice with podocyte-specific Ccdc92 deletion mice (Cre™/Ccdc92™™)
were crossed with db/+ mice to generate db/+//Cre*/Ccdc92™*
mice, which were crossed with db/+//Cre/Ccdc92”* mice to
obtain db/+//Cre*/Ccdc92™ and db/+//Cre /Ccdc92™™ mice. Then,
db/+//Cre*/Ccdc92™" mice were crossed with db/+//Cre /Ccdc92™"
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Fig. 1 Ccdc92 was involved in podocyte injury under diabetic kidney disease. a Representative Western blot gel documents and
summarized data showing the relative protein levels of Ccdc92 in the cortex of kidney from db/db mice (n = 8 for each group). ***P < 0.001 vs.
control mice. b Representative Western blot gel documents and summarized data showing the relative protein levels of Ccdc92 in the cortex
of kidney from HFD-induced diabetic mice (n =8 for each group). ***P < 0.001 vs. control mice. ¢ Correlation between glomerular Ccdc92
expression and urine albumin to creatinine ratio (UACR) in all subjects (n = 16). d Statistical analyses of Ccdc92 in glomeruli from db/db and
HFD induced diabetic mice detected by IHC (n =8 for each group). ***P < 0.001 vs. control mice. e Photomicrographs and quantifications
showing the staining of Wilms’ Tumer 1 (WT1, used as a podocyte marker) in the kidney from db/db or HFD induced diabetic mice (n = 8 for
each group). ***P<0.001 vs. control mice. f Correlation between glomerular Ccdc92 expression and WT-1 in all animals (n=16).
g Representative Western blot gel documents and summarized data showing the relative protein levels of Ccdc92 in mouse podocytes treated
with high glucose (HG, 15 or 30 mmol/L) for 24h (n=6 for each group). Mannitol was used as the osmotic pressure control for HG.
***¥P < 0.001 vs. control. h Representative Western blot gel documents and summarized data showing the relative protein levels of Ccdc92 in
podocytes treated with advanced glycation end-product (AGE, 50-200 pg/mL) for 24h (n=6 for each group). ***P<0.001 vs. control.
i Representative Western blot gel documents and summarized data showing the relative protein levels of Ccdc92 in podocytes treated with
cholesterol (100-400 pg/mL) for 24 h (n =6 for each group). *P < 0.05, ***P < 0.001 vs. control. j Representative Western blot gel documents
and summarized data showing the relative protein levels of Ccdc92 in mouse glomerular endothelial cells (MGEC) treated with high glucose
(HG, 15 or 30 mmol/L) for 24 h (n = 6 for each group). Mannitol was used as the osmotic pressure control for HG. k Representative Western blot
gel documents and summarized data showing the relative protein levels of Ccdc92 in mouse mesangial cells (SV40 MES 13) treated with high
glucose (HG, 15 or 30 mmol/L) for 24 h (n =6 for each group). Mannitol was used as the osmotic pressure control for HG. | Representative
immunohistochemistry (IHC) and immunofluorescence (IF) images and quantification of glomerular Ccdc92 expression (based on IHC) from
normal subjects (n=12) and patients with DKD (n = 8). Data are expressed as mean +SEM and n indicates the number of biologically
independent experiments. Two-tailed Student’s unpaired t test analysis (a, b, d—e), one-way ANOVA followed by Tukey’s post-test (g-k),

Spearman’s correlations (c, f), Kruskal-Wallis test followed by Dunn’s post-test (I).

<

mice to generate podocyte-specific Ccdc92 knockout mice with
spontaneous type 2 diabetes (db/db//Cre* /Ccdc92™™). In addition,
db/db//Cre’/Ccdc92™" mice were used as controls.

Establishment of HFD-induced DKD in mice

Six-week-old male Cre*/Ccdc92™" mice and their littermate Cre’/
Ccdc92™" mice were fed either a high-fat diet (HFD; 60 kcal% from
fat, Research Diets, D12492) or a control diet (Research Diets,
D12450J) for 32 weeks.

Statistical analysis

Data are expressed as mean + SEM. Statistical analyses were
performed with GraphPad Prism (version 8.0, GraphPad Software,
San Diego, CA). Details of the statistical analyses can be found in
the supplementary complete materials and methods section.

RESULTS

Ccdc92 was involved in podocyte injury under diabetic conditions
In this study, we found that Ccdc92 was significantly upregulated in
the kidneys of db/db mice and high-fat diet (HFD)-induced diabetic
mice (Fig. 1a, b). Importantly, the expression of Ccdc92 in glomeruli
was positively correlated with the urine albumin-to-creatinine ratio
(UACR) (Fig. 1c), suggesting that CCDC92 might be related to
glomerular injury in DKD. Immunofluorescence (IF) staining further
showed that Ccdc92 was expressed in glomerular cells and
significantly upregulated in podocytes from diabetic mice (Fig. 1d,
Supplementary Fig. S1a), but there was no obvious change of
Ccdc92 expression in endothelial cells or mesangial cells from db/db
mice (Supplementary Fig. S1b). Moreover, the expression of Ccdc92
in glomeruli was negatively correlated with the podocyte number in
diabetic mice (Fig. 1e, f). In vitro, Ccdc92 was significantly induced in
mouse podocytes exposed to high glucose (HG; Fig. 1g), advanced
glycation end products (AGE; Fig. 1h), or cholesterol (Fig. 1i), but
there were no obvious changes of Ccdc92 expression in HG-treated
mouse glomerular endothelial cells (MGECs) or mouse mesangial
cells (SV40 MES 13) (Fig. 1j, k). Moreover, we further confirmed the
upregulation of Ccdc92 in glomeruli, especially in podocytes, from
DKD patients (Fig. 11, Supplementary Table S1).

Ccdc92 deficiency attenuated podocyte injury in DKD

To better elucidate the role of Ccdc92 in podocyte injury, mice
with podocyte-specific deletion of Ccdc92 (Podocin-Cre Cedc92™",
Cre*/Ccdc92™™ were generated by the Cre-Loxp recombination
system (Supplementary Fig. S2a), which were confirmed by tail
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genotyping (Supplementary Fig. S2b), immunofluorescent staining
(Supplementary Fig. S2c¢) and reduction of Ccdc92 in isolated
glomeruli (Supplementary Fig. S2d). All mice were viable and
fertile. To establish diabetic mice, Cre*/Ccdc92™ mice were
crossed with db/+ mice, and the resulting db/db/Cre*/Ccdc92™?
mice and the corresponding control mice were used in this study
(Supplementary Fig. S2e). db/+/Cre*/Ccdc92™™ mice did not show
any physiological changes, including changes in body weight,
kidney weight, heart rate, blood pressure, and glucose level
(Supplementary Table S2). However, our results showed that 20-
week-old  db/db/Cre’/Ccdc92™" mice exhibited a significant
increase in urinary albumin excretion (Fig. 2a), glomerular
expansion (Fig. 2b) and podocyte injury (Fig. 2c), as evidenced
by glomerular basement membrane (GBM) thickening and
podocyte foot process broadening and effacement, which were
reversed by podocyte-specific deletion of Ccdc92 (db/db/Cre™/
Ccdc92™). "We further demonstrated that Ccdc92 deficiency
attenuated podocyte injury in db/db mice, based on the
upregulation of key podocyte differentiation markers, such as
nephrin and podocin (Fig. 2d). Notably, conditional knockout of
Ccdc92 in podocytes significantly reduced podocyte loss in db/db
mice (Fig. 2e). In addition, we confirmed the detrimental role of
Ccdc92 in HFD-induced diabetic mice and found that podocyte-
specific deletion of Ccdc92 alleviated albuminuria, glomerulo-
sclerosis and podocyte injury (Supplementary Fig. S3a-e, Supple-
mentary Table S2).

In vitro, genetic silencing of Ccdc92 (Fig. 3a) attenuated actin
cytoskeleton disorganization (Fig. 3b) and apoptosis (Fig. 3¢, d)
and upregulated nephrin and podocin expression (Fig. 3e, f) in
podocytes exposed to HG.

Ccdc92 contributed to podocyte lipotoxicity by inhibiting ABCA1-
mediated cholesterol efflux

Lipid accumulation was increased in podocytes exposed to HG,
based on Nile red staining (Fig. 3g), which was reversed by Ccdc92
knockdown. In vivo, podocyte-specific deletion of Ccdc92 reduced
the expression of adipophilin, a lipid droplet-specific marker [14],
in podocytes from both db/db mice (Fig. 3h) and HFD-induced
diabetic mice (Supplementary Fig. S3f), suggesting that Ccdc92 is
involved in lipid metabolism of podocyte under DKD.

To explore the role of CCDC92 in lipid metabolism of podocyte, we
performed lipidomic analysis and found that CCDC92 was mainly
involved in cholesterol metabolism pathways in podocytes, accord-
ing to Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis of the differentially abundant metabolites

SPRINGER NATURE

1021



CCDC92 inhibited cholesterol efflux in podocytes

FW Zuo et al.
1022
a b
Cre/Ccdc92"" Cre*/Ccdc92™
db/+ // db/db // db/+ // db/db //
S E’ 400 : ]
< o
E o 300 :
Eg
2 © 200 5
[0} 8 wn %
£ £ 100 = 4
= =
g 1 i\ 1 \\
o 10 e o doP0ir e
Zﬂm Zﬂlﬂ Zﬂ/ﬂ 92ﬂ/ﬂ
Cre‘ICGdcg ore' jceded Cre‘/Ccdcg ore' jcede
] " B
r /Ccdf:92f’ﬂ Cre cdc92’”” = 400 Sos __5
o A E258 B S =< £ 8@ 4
S @ 300 2 0.6 by %
(0] — 3
3 £ 200 %04 g2
© = o 1S 2 2
z = 100 g8 02 284
= ] s 22
N ° | | £ 00 | | me0 | |
-
! 1! IS L (e ol 1!
8|t ool oo 9l 9 9% o
© ifl fifl M M M i
92’ 92 2" 92" 92" 92'
Cre'/Cch Cre+/ccd° c re‘/CCdcg Cre*/ccdC cre jcede Cre*/CCdc
d
Cre/Ccdc92™ Cre*/Ccdc92"
db/+ // db/db // db/+ // db/db //
40 40
£ £ c £
£ g<30 £ 830
s a2 20 ag 20
2 25 25
& 5310
25" 28
5 g I I 0 I I
S I Il 1 |l
8 30" % 5% 30 0% g0ty
B
Zﬂ/ﬂ zﬂlﬂ Zﬂlﬂ Zﬂlﬂ
—- Cre'/Ccdcgcre*/Ccd09 Cre‘/ccdcgcref/CCd09
e Cre’/Ccdc92"" Cre*/Ccdc92™"" "
db/+ // db/db // db/+ // db/db // £ 15
3
T 0
= £310
o o
= 5 s
25 um _cé o
— EZ
=
o 2 0 1ol aa )
| |
5 I
L o~ oY
Zﬂlﬂ gzﬂ(ﬂ
Cre‘lCch9 cre*/CCdc

Fig.2 Ccdc92 deficiency attenuated podocyte injury in DKD. a Urinar)/ albumin creatinine ratio in different groups of mice at 20-week ages

(n=8 for each group). **P <0.01, **P <0.001 vs. db/+//Cre/Ccdc92™ mice, **P <0.001 vs. db/db//Cre/Ccdc92™" mice. b Morphological
examinations of glomerular changes by ,Periodic acid-schiff (PAS) analyses in mice (n = 8 for each group). ***P < 0.001 vs. db/+//Cre /Ccdc92™"
mice, ¥#¥P < 0.001 vs. db/db//Cre’/Ccdc92™" mice. ¢ Morphological examinations of glomerular chan’ges by transmission electron microscopy
(TEM) analysis in mice (n = 8 for each group). **P < 0.01, ***P < 0.001 vs. db/+//Cre/Ccdc92™" mice, #*P < 0.001 vs. db/db//Cre’/Ccdc92™™ mice.
d Representative immunofluorescence (IF) images showing the expressions of nephrin and podocin in glomeruli from mice (n =8 for each
group). *P<0.05, ***P<0.001 vs. db/+//Cre’/Ccdc92™ mice, **P < 0.001 vs. db/db//Cre /Ccdc92™" mice. e Representative IF imaging and
quantifications of Wilms' Tumer 1 (WT-1) (green) per glomerulus in the kidney (n =8 for each group). *P < 0.05, ***P < 0.001 vs. db/+//Cre’/
Ccdc92™ mice, *P <0.01 vs. db/db//Cre/Ccdc92™ mice. Data are expressed as mean+SEM and n indicates the number of biologically
independent experiments. Two-way ANOVA followed by Tukey’s post-test (a—e).
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Fig. 4 Ccdc92 contributed to podocyte lipotoxicity by inhibiting ABCA1-mediated cholesterol efflux. a Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment based on the UPLC-MS/MS analysis of podocytes in different groups. Rich factor refers to the ratio of the number
of differentially expressed metabolites in the corresponding pathway to the total number of metabolites detected and annotated by the pathway. The
size of dots represents the number of differentially significant metabolites enriched in the corresponding pathway. b Cholesterol efflux capacity in
podocytes with different treatments (n = 6 for each group). ***P < 0.001 vs. scramble (si-NC) control, #P < 0.01 vs. scramble of HG treatment. ¢ Cholesterol
uptake in podocytes with different treatments (n = 6 for each group). **P < 0.001 vs. scramble (si-NC) control. d Levels of total cholesterol in podocytes
with different treatments (n = 6 for each group). ***P < 0.001 vs. scramble (si-NC) control, ***P < 0.001 vs. scramble of HG treatment. e Representative
images showing cholesterol deposition by immunofluorescence staining of Filipin (blue) and synaptopodin (red) in kidney from mice. f Representative
Western blot gel documents and summarized data showing the relative protein levels of ABCA1 and ABCG1 in podocytes with different treatments
(n = 6 for each group). *P < 0.05, **P < 0.01, **P < 0.001 vs. scramble (si-NC) control, *#P < 0.001 vs. scramble of HG treatment. g Representative Western
blot gel documents and summarized data showing the relative protein levels of ABCA1 in isolated fgﬂlomeruli from different groups of mice (n =8 for
each group). **P < 0.01, ***P < 0.001 vs. db/+//Cre’/Ccdc92™ mice, ##P < 0.001 vs. db/db//Cre’/Ccdc92™ mice. h Summarized data showing the effect of
Ccdc92 on the mRNA levels of Abcal in podocytes treated with HG (n = 6 for each group). Levels of the housekeeping gene p-actin were used as an
internal control for the normalization of RNA quantity among the samples. ***P < 0.001 vs. scramble (si-NC) control. i Summarized data showing the effect
of CCDC92 on the mRNA levels of Abcal in isolated glomeruli from different groups of mice (n = 6 for each group). Levels of the housekeeping J gene B
actin were used as an internal control for the normalization of RNA quantity among the samples. ***P < 0.001 vs. db/+//Cre/Ccdc92™" mice.
j Representative Western blot gel documents and summarized data showing the gene silencing efficiency of Abcal by a Abcal-siRNA transfection in
podocytes (n = 6 for each group). ***P < 0.001 vs. scramble (si-NC). k Representative immunofluorescence images of F-actin by phalloidine staining (n =6
for each group) in mouse podocytes with different treatments. **P < 0.01, **P <0.001 vs. scramble (s-NC) control, ##P < 0.001 vs. scramble of HG
treatment, " 7P < 0.001 vs. si-Ccdc92 podocytes (si-Ccdc92) with HG. | The levels of total cholesterol in podocytes with different treatments (n = 6 for each
group). **P < 0.01, **P < 0,001 vs. scramble (si-NC) control, **P < 0.001 vs. scramble of HG treatment, "™ "P < 0.001 vs. si-Ccdc92 podocytes (si-Ccdc92)
with HG. Data are expressed as mean + SEM and n indicates the number of biologically independent experiments. Two-tailed Student’s unpaired t test
analysis (j), Two-way ANOVA followed by Tukey's post-test (b-d, f-I).
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(Fig. 4a). We further demonstrated that Ccdc92 knockdown
significantly increased the cholesterol efflux capacity (Fig. 4b) but
had no obvious effect on cholesterol uptake (Fig. 4c), finally leading
to the reduction of total intracellular cholesterol content (Fig. 4d) in
podocytes exposed to HG. Consistent with this finding, there was less
cholesterol accumulation, as determined by filipin staining, in
podocytes labeled with synaptopodin from db/db/Cre* /Cedco2™
mice compared to db/db/Cre’/Ccdc92™ mice (Fig. 4e). Moreover, we
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Ubiquitin
Synaptopodin

measured the expression of ATP-binding cassette transporter Al
(ABCA1) and ATP-binding cassette protein G1 (ABCG1), which are the
two key factors regulating cholesterol efflux, in podocytes [15]. Our
results showed that HG treatment significantly decreased the protein
levels of ABCA1 and ABCGI1, but genetic silencing of Ccdc92
preferentially increased the ABCAT1 protein level (Fig. 4f). Moreover,
podocyte-specific knockout of Ccdc92 increased the protein level of
ABCA1 in isolated glomeruli from db/db mice (Fig. 4g). Notably, there
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Fig. 5 Ccdc92 deficiency increased the protein level of ABCA1 through the proteasome pathway. a Protein-protein interaction (PPI)
networks based on Search Tool for the Retrieval of Interacting Genes (STRING) database. The line segment indicates both functional and physical
protein associations. b Gene Ontology (GO) function analysis in podocytes with or without Ccdc92 overexpression by Tandem Mass Tags (TMT)
proteomics analysis. All differentially expressed proteins are compared with all proteins of the reference species with the annotation results of GO
functions, and the significance of the difference between the two is obtained by Fisher’s Exact Test. The top abscissa represents the GO secondary
functional annotation information, while the bottom represents the statistical results of differential proteins under each GO functional
classification. The ordinate represents the percentage of the number of differentially expressed proteins under each functional classification to
the total number of differentially expressed proteins. The color represents the significance of the enriched GO functional classification.
¢ Proteasome activity represented by the chymotrypsin-like activity in podocytes with different treatments (n =6 for each group). *P < 0.05,
**P < 0.01, ***P < 0.001 vs. scramble (si-NC) control, *#P < 0.001 vs. scramble of HG treatment, 7P < 0.001 vs. Ccdc92 knockdown (si-Ccdc92)
podocytes with HG treatment. d Representative Western blot gel documents and summarized data showing the relative iE)rotein levels of B5iin
isolated glomeruli from different groups of mice (n = 6 for each group). *P < 0.05, ***P < 0.001 vs. db/+//Cre /Ccdc92™" mice, **P < 0.001 vs. db/db//
Cre’/Ccdc92™" mice. e Representative immunofluorescence images of p5i (green) and synaptopodin (red) in glomeruli from different groups of
mice. f Proteasome activity represented by the chymotrypsin-like activity in podocytes with different treatments (n = 6 for each group). *P < 0.05,
**%p £ 0,001 vs. scramble (si-NC) control, ¥¥P < 0.001 vs. scramble of HG treatment. g Representative Western blot gel documents and summarized
data showing the relative protein levels of ABCA1 in podocytes with different treatments (n = 6 for each group). ***P < 0.001 vs. scramble (OE-NC)
control, #¥P<0.01 vs. scramble of HG treatment, " TP<0.001 vs. Ccdc92-overexpression (OE-Ccdc92) podocytes with HG treatment.
h Representative Western blot gel documents showing the relative levels of Ubiquitin in podocytes with different treatments (n =6 for each
group). *P < 0.05, ***P < 0.001 vs. scrambile (si-NC) control, *#P < 0.001 vs. scramble of HG treatment. i Representative Western blot gel documents
showing the relative levels of Ubiquitin in isolated glomeruli from different groups of mice (n =6 for each group). ***P < 0.001 vs. db/+//Cre’/
Cedc92™ mice, *P < 0.05 vs. db/db//Cre’/Ccdc92™ mice. j Representative immunofluorescence images showing the expression of Ubiquitin in
podocytes from different groups of mice. Data are expressed as mean+SEM and n indicates the number of biologically independent
experiments. Two-way ANOVA followed by Tukey’s post-test (c, d, f-i).
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was no obvious change of ABCA1 mRNA level in HG-treated
podocytes and isolated glomeruli from diabetic Cre*/Ccdc92™ mice
(Fig. 4h, i), suggesting that a posttranscriptional regulation pathway
may be involved in Ccdc92-mediated ABCA1 downregulation. In
addition, genetic silencing of ABCA1 (Fig. 4j) counteracted the
protective role of Ccdc92 knockdown in podocytes exposed to HG, as
evidenced by the increased actin cytoskeleton disorganization
(Fig. 4k) and accumulation of total cholesterol (Fig. 4l), indicating
that ABCAT1 is involved in CCDC92-mediated cholesterol homeostasis
in podocytes.

Ccdc92 deficiency increased the protein level of ABCA1 through
the proteasome pathway

By analysis based on the Search Tool for the Retrieval of Interacting
Genes (STRING), we found that Ccdc92 interacted with various
protease regulatory subunits (Fig. 5a). Moreover, Gene Ontology (GO)
analysis (Fig. 5b) in Tandem Mass Tags (TMT) proteomics analysis
indicated that Ccdc92 was related to the regulation of proteasome
activity. Therefore, we further assessed the relationship between
Ccdc92 and proteasome activity in podocytes under HG conditions.
Our results showed that Ccdc92 knockdown reduced HG-induced
proteasome activity determined by chymotrypsin like activity, which
was reversed by overexpression of Ccdc92 in podocytes (Fig. 5c,
Supplementary Fig. S4a). Moreover, podocyte-specific deletion of
Ccdc92 reduced the expression of (5i, an immunoproteasome
subunit indicating the activation of the ubiquitin—proteasome system
(UPS) [16], in isolated glomeruli and podocytes from db/db mice
(Fig. 5d, e). Furthermore, treatment with MG132, a proteasome
inhibitor [17], reduced proteasome activity (Fig. 5f) and increased the
protein level of ABCA1 (Fig. 5g), abrogating the effect of Ccdc92
overexpression on the protein level of ABCA1 in podocytes exposed
to HG treatment. Additionally, Ccdc92 deficiency increased the total
level of ubiquitin in HG-treated podocytes and in glomeruli and
podocytes from db/db mice (Fig. 5h-j). However, genetic silencing of
Ccdc92 did not increase the total level of ubiquitin in MG132-treated
podocytes (Supplementary Fig. S4b), suggesting that CCDC92 might
regulate the level of ABCA1 through proteasome activity indepen-
dent of ubiquitination stage.

Ccdc92 promoted HG-induced proteasome activity in podocytes
by binding to PA28a

PA28a, a well-known and important proteasome activator subunit,
plays a crucial role in regulating proteasome activity [18]. Given
the properties of the coiled-coil structure of CCDC92 and the
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results of STRING and TMT proteomic analyses indicating that the
molecular functions of CCDC92 are highly related to “binding” and
“catalytic activity” (Fig. 6a), we investigated the interaction
between CCDC92 and PA28a. The results of IF (Fig. 6b) and
coimmunoprecipitation (Co-IP) (Fig. 6¢) assays confirmed that
Ccdc92 bound to PA28a and that the binding activity was
enhanced under HG conditions (Fig. 6¢). It is known that
proteasomal degradation is critically dependent on proteasome
activators, such as PA28, which bind to the end of the 20S core
particle for reposition of its gating residues and allow access to
doomed substrates [19]. Then, we demonstrated by a Co-IP assay
that Ccdc92 deficiency reduced the HG-induced binding between
PA28a and the 20 S core subunit a4 (Fig. 6d). Furthermore, genetic
silencing of PA28a in podocytes (Supplementary Fig. S5a)
counteracted the effects of Ccdc92 on proteasome activation
(Fig. 6€e), the protein level of ABCA1 (Fig. 6f), the cholesterol efflux
capacity (Fig. 6g) and lipid accumulation (Fig. 6h, i). Over-
expression of Ccdc92 aggravated actin cytoskeleton disorganiza-
tion in podocytes exposed to HG, which was partially reversed by
genetic silencing of PA28a (Supplementary Fig. S5b).

The Ccdc92 Aaa59-113 mutation counteracted the effects of
Ccdc92 on podocyte lipotoxicity

Finally, to identify the binding region of CCDC92 to PA28a, we
generated four Ccdc92 deletion mutants, including two of them
lacking aa 1-27 (FLAG-Ccdc92 A1-27) and aa 59-113 (FLAG-Ccdc92
A59-113) in the coiled-coil domain predicted by Jpred4 and other
two lacking other domains containing aa 153-193 and aa 251-314
(FLAG-Ccdc92 A153-193, FLAG-Ccdc92 A251-314) based on the
UniProt database (Fig. 7a). It was found that the Ccdc92 deletion
mutant lacking the aa 59-113 in the coiled-coil domain (FLAG-
Ccdc92 A59-113) could not bind to PA28a, while there were no
significant differences in the binding of wild-type (WT) Ccdc92 and
the other three mutants to PA28a (Fig. 7b). Importantly, our results
further confirmed that deletion of aa59-113 of Ccdc92 in
podocytes abolished the effects of Ccdc92 on proteasome
activation (Fig. 7c), the protein level of ABCA1 (Fig. 7d), the
cholesterol efflux capacity (Fig. 7e), lipid accumulation (Fig. 7f, 9)
and podocyte injury (Supplementary Fig. S6a, b).

DISCUSSION
Although intensive glycemic control or targeting of the
renin-angiotensin-aldosterone system (RAAS) with angiotensin-
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converting enzyme inhibitors (ACEi) and angiotensin receptor
blockers (ARBs) can provide beneficial effects to patients with
DKD [20], there is no specific treatment to fully prevent the
development of DKD, suggesting that factors other than impaired
glucose metabolism and altered hemodynamics can promote
DKD. Recently, an increasing number of studies have revealed that
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ectopic lipid accumulation, termed lipotoxicity, has been recog-
nized to play a role in the pathogenesis of DKD [2, 21-23]. Among
glomerular cells, podocytes are particularly sensitive to lipotoxic
injury [3]. It was reported that the accumulation of both
cholesterol ester and fatty acid metabolites in podocytes was
involved in the pathogenesis of glomerular dysfunction in
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Fig. 6 Ccdc92 promoted HG-induced proteasome activity in podocytes by binding to PA28a. a The molecular functions (MF) analysis in
podocytes with or without Ccdc92 overexpression by Tandem Mass Tags (TMT) proteomics analysis. The vertical axis in the figure represents
the Gene Ontology (GO) secondary functional annotation information (GO Terms name), and the horizontal axis represents the number of
differentially expressed proteins under this functional classification. b Representative immunofluorescence images of Ccdc92 (green) and
PA28u (red) staining in podocytes showing the co-localization. ¢ Representative Western blot gel documents and summarized data showing
the levels of PA28x in podocytes with different treatments (n = 6 for each group). Ccdc92 was immunoprecipitated with rabbit antibody to
Ccdc92 and the presence of PA28a in the immune-complex was assessed by Western blot with the antibody to PA28a. Negative control using
isotype matched normal IgG (rabbit) was done to check for antibody specificity. ***P < 0.001 vs. control. d Representative Western blot gel
documents and summarized data showing the levels of PA28ux in podocytes with different treatments (n =6 for each group). The 20S
proteasome a4 was immunoprecipitated with rabbit antibody to 20 S proteasome a4 and the presence of PA28a in the immune-complex was
assessed by Western blot with the antibody to PA28a. Negative control using isotype matched normal IgG (rabbit) was done to check for
antibody specificity. ***P < 0.001 vs. scramble (si-NC) control, #*#P < 0.001 vs. scramble of HG treatment. e. Proteasome activity represented by
the chymotrypsin-like activity in podocytes with different treatments (n =6 for each group). **P < 0.01, ***P <0.001 vs. scramble (OE-NC)
control, *#P<0.001 vs. scramble of HG treatment, TP <0.001 vs. Ccdc92-overexpression (OE-Ccdc92) podocytes with HG treatment.
f Representative Western blot gel documents and summarized data showing the relative protein levels of ABCA1 in podocytes with different
treatments (n = 6 for each group). *P < 0.05, ***P < 0.001 vs. scramble (OE-NC) control, *P < 0.05 vs. scramble of HG treatment, "**P < 0.001 vs.
Ccdc92-overexpression (OE-Ccdc92) podocytes with HG treatment. g The cholesterol efflux capacity in podocytes with different treatments
(n =6 for each group). *P < 0.05, ***P < 0.001 vs. scramble (OE-NC) control, #¥P < 0.01 vs. scramble of HG treatment, TP < 0.001 vs. Ccdc92-
overexpression (OE-Ccdc92) podocytes with HG treatment. h Photomicrographs and quantifications showing Oil Red O staining in podocytes
from different groups (n = 6 for each group). ***P < 0.001 vs. scramble (OE-NC) control, *P < 0.05 vs. scramble of HG treatment, "tP < 0.01 vs.
Ccdc92-overexpression (OE-Ccdc92) podocytes with HG treatment. i Photomicrographs and quantifications showing Nile Red staining
in podocytes from different groups (n = 6 for each group). ***P < 0.001 vs. scramble (OE-NC) control, **#P < 0.001 vs. scramble of HG treatment,
TP <0.001 vs. Ccdc92-overexpression (OF-Ccdc92) podocytes with HG treatment. Data are expressed as mean = SEM and n indicates the
number of biologically independent experiments. Two-tailed Student’s unpaired t test analysis (c), Two-way ANOVA followed by Tukey’s post-

test (d-i).
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DKD [24]. Notably, cholesterol accumulates in the cytoplasm of
podocytes from patients and mice with DKD. Excessive cholesterol
accumulation can perturb the slit diaphragm, adversely affect
podocyte function and even induce proteinuric kidney diseases
[6-8, 25]. However, pharmacological induction of cholesterol
efflux with cyclodextrin alleviates podocyte injury in DKD [26],
indicating that enhanced cholesterol efflux protects against
podocyte injury through reprogramming of cholesterol home-
ostasis. In this study, we found that upregulation of Ccdc92 in
glomeruli was positively correlated with an increased UACR and
podocyte loss in mice with DKD and that Ccdc92 knockdown
significantly increased the cholesterol efflux capacity but had no
obvious effect on cholesterol uptake, thereby reducing the total
intracellular cholesterol content and attenuating podocyte injury,
indicating that CCDC92 might contribute to podocyte lipotoxicity
by decreasing cholesterol efflux.

Cholesterol efflux is a sophisticated and dynamic process
involving multiple subprocesses and related factors. Among the
related factors, ABCA1 and ABCG1 are recognized as the two key
factors regulating cholesterol efflux in the context of podocyte
injury [7, 8, 271. In this study, we found that Ccdc92 preferentially
decreased the protein level of ABCA1, which is a transmembrane
protein that regulates the efflux of cholesterol and phospholipids
in an ATP-dependent manner [28, 29]. ABCA1 expression is
positively correlated with the estimated glomerular filtration rate
(GFR) [7]. Moreover, podocyte ABCA1 deficiency is sufficient to
confer susceptibility to injury in the context of DKD [8], and
activation of ABCA1 by its overexpression or by treatment with
A30, a pharmacological inducer, ameliorates podocyte injury [8]. In
this study, we demonstrated that Ccdc92 negatively regulated the
expression of ABCA1 and that genetic silencing of ABCA1
increased the intracellular cholesterol content in Ccdc92-knock-
down podocytes exposed to HG, suggesting that CCDC92 might
inhibit cholesterol efflux by regulating ABCA1.

Interestingly, we found that Ccdc92 regulated the protein
level rather than the mRNA level of ABCA1 under diabetic
conditions, suggesting that this regulation might occur at the
posttranscriptional level. The ubiquitin—proteasome system
(UPS), one of the major intracellular protein degradation
pathways, is important for maintaining cell homeostasis [30].
During this process, upregulation of proteasome activity
specifically occurs in patients with membranous nephropathy
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(MN), focal segmental glomerulosclerosis (FSGS) and DKD, which
is considered as a sign of persistent podocyte injury [31, 32].
Meanwhile, the role of UPS is highlighted in the pathogenesis
and progression of various diseases including secondary
complications of diabetes, suggesting that targeting the UPS
might be a novel strategy to prevent DKD [33]. Importantly, the
UPS can also serve as an important determinant for cellular
cholesterol homeostasis through the regulation of cholesterol
metabolism [34]. Furthermore, proteasomal inhibition can
induce the expression of ABCA1 and cholesterol efflux in
macrophages [35], suggesting that proteasome regulates
cholesterol efflux by mediating ABCA1 expression. The results
from our bioinformatics analysis strongly suggested that Ccdc92
interacted with the proteasome. We further demonstrated that
Ccdc92 regulated the level of ABCA1 via UPS-mediated
degradation, consistent with previous studies showing that the
ubiquitination degradation pathway contributed to the reduced
level of ABCAT1 in the context of cell injury [34, 35]. Interestingly,
our results showed that genetic silencing of Ccdc92 did not
increase the total level of ubiquitin in MG132-treated podocytes,
indicating that CCDC92 might regulate the level of ABCAI1
through proteasome activity, independent of
ubiquitination stage.

Mechanistically, CCDC92 participates in a variety of biological
processes by binding to other proteins [36, 37]. Our proteomic
analysis strongly suggested that CCDC92 might interact with some
protease subunits with catalytic activity. PA28a, a well-known and
important proteasome activator subunit, is recognized as a key
factor in regulating proteasome activity [18]. Moreover, previous
studies have reported that the PA28 proteasome and the
immunoproteasome are involved in the development of DKD
[31]. PA28a/PA283 double knockout in mice attenuates albumi-
nuria in the context of DKD [38], suggesting that PA28-mediated
alteration of proteasome activity contributes to DKD. Our results
demonstrated that Ccdc92 can bind to PA28a, consequently
enhancing the interaction of PA28a with the core subunit of the
proteasome, in turn promoting proteasome activity and accel-
erating ABCA1 degradation, finally leading to the disruption of
cholesterol homeostasis in podocytes. More accurately, we further
found that the aa 59-113 in the coiled-coil domain of Ccdc92 was
necessary for the binding of PA28a. Moreover, we provided direct
evidence for the effects of Ccdc92 aa59-113 on lipid metabolism
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Fig. 7 The Ccdc92 Aaa59-113 mutation counteracted the effects of Ccdc92 on podocyte lipotoxicity. a Four different Ccdc92 deletion
mutants were constructed, each lacking one of the coiled-coil or other domains predicted by Jpred4 and Uniprot database. b Representative
Western blot gel documents and summarized data showing the levels of PA28ux in podocytes with different treatments. Ccdc92 was
immunoprecipitated with the rabbit antibody to FLAG and the presence of PA28« in the immune-complex was assessed by Western blot with
the antibody to PA28u. Negative control using isotype matched normal IgG (rabbit) was done to check for antibody specificity. ¢ Proteasome
activity represented by the chymotrypsin-like activity in podocytes with different treatments (n =6 for each group). *P <0.05, **P < 0.01,
**%P < 0,001 vs. control (pCMV6-Entry), **P < 0.01 vs. pCMV6-Entry with high glucose (HG) treatment, T"P<0.01 vs. Ccdc92-overexpression
podocytes (pCMV6-Ccdc92) with HG treatment. d Representative Western blot gel documents and summarized data showing the relative
protein levels of ABCA1 in podocytes with different treatments (n = 6 for each group). *P < 0.05, ***P < 0.001 vs. pCMV6-Entry, ***P < 0.001 vs.
pCMV6-Entry with HG treatment, *7"P<0.001 vs. pCMV6-Ccdc92 with HG treatment. e The cholesterol efflux capacity in podocytes with
different treatments (n = 6 for each group). **P < 0.01, ***P < 0.001 vs. pCMV6-Entry, #P < 0.01 vs. pCMV6-Entry with HG treatment, TP < 0.01 vs.
pCMV6-Ccdc92 with HG treatment. f Photomicrographs and quantifications showing Nile Red staining in podocytes from different groups
(n = 6 for each group). ***P < 0.001 vs. pCMV6-Entry, ***P < 0.001 vs. pCMV6-Entry with HG treatment, 7" P < 0.001 vs. pCMV6-Ccdc92 with HG
treatment. g Photomicrographs and quantifications showing cholesterol deposition by immunofluorescence stainin% of Filipin (green) and
Wilms tumor typel (WT1, red) of podocytes in different groups (n =6 for each group). ***P < 0.001 vs. pCMV6-Entry, ***P < 0.001 vs. pCMV6-
Entry with HG treatment, "*"P<0.001 vs. pCMV6-Ccdc92 with HG treatment. h Schematic depicting CCDC92 promotes podocyte injury by
regulating PA28a/ABCA1/cholesterol efflux axis in diabetic kidney disease. Data are expressed as mean + SEM and n indicates the number of
biologically independent experiments. Two-way ANOVA followed by Tukey’s post-test (c-g).
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and podocyte injury, suggesting that the aa 59-113 in the coiled-
coil domain of CCDC92 is vital for regulating the PA28a/ABCA1/
cholesterol efflux axis.

Some limitations of this study should be noted. Although we
demonstrated that Ccdc92 regulated ABCAT1 via the proteasome
pathway, we cannot exclude the possibility that other targets of
Ccdc92 may also be involved in this process. It is known that the
UPS can control all aspects of cholesterol metabolism, including
synthesis, uptake and efflux, by regulating specific key molecules,
such as ABCG5, ABCGS, liver X receptors (LXRs) a and {3, and sterol
regulatory element binding proteins (SREBPs) 1 and 2, the master
transcriptional regulators of cholesterol metabolism [34], suggest-
ing that the PA28-mediated proteasome system might regulate
several molecules related to cholesterol metabolism to promote
cholesterol deposition in podocytes. In addition, although recent
studies have indicated that Ccdc92 is involved in obesity, T2D and
insulin sensitivity [13], few studies have focused on the mechan-
isms of Ccdc92 in obesity and insulin resistance. In this study, we
found that Ccdc92 inhibited cholesterol efflux in podocytes by
promoting the degradation of ABCA1, which is also a key factor in
regulating adipose tissue lipid content and insulin sensitivity [39].
Therefore, we speculate that similar mechanisms might be
involved in these effects of Ccdc92. Further studies are needed
to address this possibility.

In conclusion, we demonstrated that Ccdc92 was upregulated
in podocytes and promoted lipid accumulation by inhibiting
cholesterol efflux. Mechanistically, we found that Ccdc92 pro-
moted the degradation of ABCA1 by regulating PA28a-mediated
proteasome activity (Fig. 7h). Our findings suggest that targeting
CCDC92-mediated cholesterol metabolism may constitute a new
therapeutic strategy for diabetic kidney disease.
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