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Abstract
Background

LncRNA AK044604 (Risa), Sirt1 and GSK3β are autophagy related genes that can play important roles in
diabetic nephropathy (DN). In this study, we sought to explore the effect of Risa on Sirt1/GSK3β-induced
podocyte injury.

Methods

Transgenic db/db mice were fed and injected with Risa inhibition of adeno-associated virus by tail vein
injection, as well as intraperitoneally injected with LiCl. Blood, urine, kidney tissue samples, and clinical
data were collected at different time points. Immortalized mouse podocyte cells (MPCs) were cultured
and treated with Risa inhibition of lentivirus, EX-527, and LiCl. MPCs were collected under different
stimulations. The effects of Risa on podocyte autophagy were examined by qRT-PCR, Western blot
analysis, transmission electron microscope, PAS staining, and immuno�uorescence staining.

Results

Risa and activated GSK3β were overexpressed, but Sirt1 decreased in Renal tissues of DN mice and high-
glucose-treated MPCs and correlated with poor prognosis. Risa overexpression attenuated Sirt1-mediated
downstream autophagy levels and aggravated the injury of podocytes by inhibiting the expression of
Sirt1. In contrast, Risa inhibition enhanced Sirt1-induced autophagy and attenuated podocyte injury, but
this effect could be abrogated by EX-527, suggesting that Risa overexpression aggravated podocyte
injury by decreasing autophagy.

Conclusions

Risa inhibits autophagy by regulating the Sirt1/GSK3β axis and thereby aggravates podocyte injury in
DN. Risa may serve as a therapeutic target for the treatment of DN.

Background
Diabetic nephropathy (DN) is a serious public health problem with an increasing incidence worldwide,
which lacks effective treatment. Approximately 40% of patients with diabetes develop end-stage renal
disease (ESRD) [1]. Therefore, it is urgent to �nd new therapeutic methods and targets.

Hyperglycemia-mediated alterations of extracellular and intracellular metabolism and nutrients, such as
advanced glycation end products, increased protein kinase C activity, and abnormal polyol metabolism
[2], intracellular stress associated with renal hypoxia [3], mitochondrial reactive oxygen species [4],
endoplasmic reticulum stress [5], and nutrient depletion have been recognized as pathogenesis of DN.
Autophagy is a highly conservative cellular process that degrades and recycles misfolded or
dysfunctional proteins and damaged organelles to maintain cellular homeostasis via the lysosome



Page 3/20

pathway [6]. Autophagy is regulated by nutrient state and intracellular stress, which are altered under
diabetic conditions, and then the corresponding alterations of Sirt1, AMPK, and mTOR autophagy
pathways potentially exacerbate organelle dysfunction and lead to DN [7]. High glucose and nutrient
abnormalities under diabetic conditions increase intracellular stresses and inhibit autophagy by inhibiting
Sirt1 and AMPK, and by activating mTOR, leading to the occurrence and progression of DN [8]. These
�ndings indicate that hyperglycemia-induced alterations in autophagic activity are the key mechanism
underlying diabetes-related podocyte injury.

Sirtuin type-1 (Sirt1) is a member of the silent information regulator 2 (Sir2)-like family of proteins [9].
Sirt1 is involved in many physiological processes, such as metabolism, mitochondrial homeostasis, cell
proliferation, autophagy, and apoptosis [10]. Sirt1 is a positive regulator of autophagy [11]. Once
activated, Sirt1 promotes autophagy by deacetylating relevant autophagy proteins, such as ATG5, ATG7,
Beclin-1, LC3, and P62 [12]. In addition, Sirt1 can crosstalk with AMPK and mTOR pathways and regulate
energy metabolism and prosurvival pathways including autophagy [13]. Low expression of Sirt1 has been
found in podocyte injury during DN [13, 14]. Moreover, speci�c knockdown of Sirt1 in podocytes induced
severe podocyte damage and increased proteinuria, whereas kidney damage was signi�cantly alleviated
after Sirt1 overexpression in diabetic mice [15, 16]. Therefore, the expression of Sirt1 in podocytes
in�uence the occurrence and development of DN.

Glycogen synthase kinase3β (GSK3β), a serine/threonine kinase and a key regulator of numerous cellular
processes, ranging from glycogen metabolism to cell cycle regulation and proliferation [17]. GSK3β has
complex and multitargeted biological effects, including multiple pathways such as insulin resistance,
oxidative stress, autophagy, and apoptosis in podocyte injury of DN [17]. The expression of GSK3β
increased in the high glucose environment of podocytes, and Licl (GSK3β inhibitor) could alleviate
podocyte injury induced by high glucose [18]. Increasing evidences have proved that the nutrient energy
imbalance caused by abnormal glucose metabolism leads to excessive autophagy inhibition and GSK3β
activation, GSK3β inhibition prevents ubiquitin proteome degradation of rapamycin (mTOR) mammalian
targets, thereby enhancing autophagy [19, 20]. Therefore, GSK3β and autophagy play important roles in
in podocyte injury and dysfunction of DN.

LncRNAs have recently been con�rmed to have key roles in the pathobiological process of diabetic kidney
disease (DKD), including diabetic tubular disease and diabetic glomerular diseases, such as podocytosis,
endothelial dysfunction, mesangial lysis, and mesangial dilation. Many LncRNAs have been con�rmed to
be involved in podocyte damage in DN. For example, LncRNA TUG1 is related to the metabolic changes
of podocytes in DN mice [21]. MALAT1 is dysregulated in DN and participates in high-glucose-induced
podocyte injury through interaction with β-catenin in glomerular endothelial cells [22]. GM5524 can
induce podocyte apoptosis and autophagy [23]; GM15645 can inhibit the podocyte apoptosis and
autophagy of M1MALAT1 [23]. A transcription which is very close to Sirt1 has been found in the mouse
genome. This transcript is identi�ed as LncRNA AK044604, located in the 10qb4 region, and named as
insulin sensitivity and autophagy regulator (Risa) [24]. Risa can regulate insulin sensitivity and
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autophagy in vivo and in vitro. Down-regulation of Risa can improve insulin sensitivity by enhancing
autophagy in ob/ob mice [24].

In this research, we found that Risa was strongly overexpressed in db/db mice renal tissues and high-
glucose-induced MPCs, and then we predicted its targets (miRNAs) by bioinformatics methods and
veri�ed it in vitro and in vivo. The results revealed that Risa could reduce the repression of the
downstream target gene via the Sirt1-mediated autophagy pathway and then promote the progression of
DN. In short, our results showed that Risa might act as a pathogenic gene in DN progression and could be
a potential biomarker for screening and treatment of DN.

Materials And Methods
Animal studies

db/db mice and healthy control db/m mice were housed and maintained under a 12-h light/12-h dark
cycle, with ad libitum access to water and standard mouse chow at the First A�liated Hospital of
Zhengzhou University (Zhengzhou, Henan, China). Animals were maintained under speci�c pathogen-free
conditions and received humane care according to the criteria outlined in the National Institutes of Health
(NIH) Guide 21. The animal study was approved by the Institutional Animal Care and Use Committee of
Zhengzhou University (2020-KY-273).

According to the manufacturer's instructions (Genechem Co., LTD.,Shanghai,China ), an adeno-associated
virus (AAV) vector that interferes with Risa. Risa was ampli�ed by PCR using speci�c primers (forward: 5′-
TCTGGAGAGCCCAACCT-3′, reverse: 5′-TCCTTCAA ACGCGAGAGAG-3′). qRT-PCR was used to detect the
virus titer. Mice were divided into four groups: db/m, db/db, db/db+Risa-vehicle, and db/db+Risa-AAV. 10-
weeks-old db/db mice were injected with Risa-AAV and the empty virus control group by tail vein injection
under the red light vein imaging instrument. Blood, urine, kidney tissue, and clinical data (blood glucose,
body weight, serum creatinine, and urinary albumin- creatinine ratio) were collected at the 6th, 10th, 14th,
18th and 22th weeks of age, while quantitative real-time polymerase chain reaction (qRT-PCR), Western
blot analysis, transmission electron microscope (TEM), PAS and confocal immuno�uorescence staining
and analysis were used to observe the relevant indicators.

Cell Culture and Transfection

The immortalized mouse podocyte cell (MPC) was donated by academician Liu Zhihong of Nanjing
University School of Medicine (Nanjing, China). MPCs were immediately placed into a water bath at 37 °C
with gentle shaking after the liquid nitrogen had evaporated. When completely melted, the
cryopreservation-containing cells were transferred to a sterilized 5 mL centrifuge tube and centrifuged for
10 min at 1000 × g. After the supernatant was removed, the cells were resuspended in complete culture
solution and inoculated in a culture dish with complete culture medium containing 45 mL of Royal Park
Memorial Institute (RPMI)-1640 medium, 5 mL of fetal bovine serum (FBS), 50 μL of a mixture of
penicillin/streptomycin at a ratio of 1:1000 and 1000 U γ-interferon (γ-IFN). The cells were evenly
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distributed through gentle shaking and then placed in the culture incubator. The culture conditions were
set at 33 °C with 5% CO2 under saturated humidity. The medium was changed the next day, and cell
growths were observed. When cell con�uence reached 70–80%, the cells were subcultured at a ratio of
1:3. The cells that were cultured at 33 °C were inoculated into a fresh, precoated culture bottle with γ-IFN-
free 1640 medium added. Then, the culture bottle was placed into an incubator at 37 °C with 5% CO2.
Microscopically, the cells proliferated slowly, the cytoplasm extended to the periphery, and a large number
of secondary protrusions emerged from the cell body. With 10–14 days of differentiation and maturation,
the cells could be used in related experiments. Grouping was conducted as follows: i) NG (5.6 mM
glucose); ii) HM (5.6 mM glucose + 44.4 mM mannitol); iii) HG (30 mM glucose); iv) HG + Lithium chloride
(Licl) (30 mM); v) HG+Risa-LV; vi) HG+Risa-vehicle; vii) HG+Risa-LV+ EX-527 (Sirt1 inhibitor). After 0-96 h,
the podocytes were collected to be used for various assays. Licl was purchased from Beijing DingGuo
Changsheng Biotechnology (Beijing, China) and EX-527 was purchased from Beijing Bioss Biotechnology
(Beijing, China).

Stable transfection of MPC cells with LncRNA AK044604 Lentivirus (Risa-LV) (Genechem, Shanghai,
China) and empty vector (Risa-vehicle) were conducted referring to the instructions of the Reliable partner
in gene function & drug target validation (Genechem, Shanghai, China).

RNA Extraction and qRT-PCR

Tissue and cell total RNA were extracted using TRIZOL reagent (Thermo Fisher Scienti�c, Shanghai,
China). RNA was used to perform reverse transcription using First Strand cDNA Synthesis Kit and
polymerase chain reaction using SYBR Green qPCR kit (Thermo Fisher Scienti�c). Relative gene
expression data were calculated using the comparative threshold cycle method with GAPDH or β-actin
(Servicebio Co., LTD.,Wuhan,China) as housekeeping genes. All assays were run in triplicate. The primers
for each gene are as follows: Beclin-1, 5′-GAGTGGAATGA AATCAATGCTGC-3′ and 5′-TTTCCACCTCTTC
TTTGAACTGC-3′; LC3B, 5'-CCGTCCGAGAAGACCTTCAA-3' and 5'-TCTTGCGGCAG GAGAACCTA-3';
GAPDH, 5'-CCTCGTCCCGTAGACAAAATG-3' and 5'-TGAGGT CAA TGAAGGGGTC GT-3'.

Western Blot Assay

Total protein lysates were extracted from mouse renal cortex tissue or cells using RIPA lysis buffer
(Solarbio Co., LTD.,Beijing,China). Protein samples were separated by 10–12% sodium dodecyl sulphate-
polyacrylamide gel electrophoresis and transferred to polyvinylidene �uoride. After being blocked with 5%
skim milk in phosphate-buffered saline with 0.1% Tween 20 for 1 h, the membranes were incubated with
a primary antibody at 4°C overnight and then with a secondary antibody at room temperature for 1 h.
High sig ECL Western blotting substrate development kit was used to develop the imprint. The relative
gray intensity of each target protein expression band was quantitatively analyzed by Image J, and
GAPDH was set as an internal reference. The ratio of each target protein to GAPDH was the relative
expression level of the target protein. All measurements were repeated at least three times. Primary
antibodies against SYSTM1/P62, Beclin-1, GSK3β, LC3B, Desmin, and WT-1 were purchased from
Servicebio Biotechnology (Wuhan,China), GSK3β (phospho Ser9) was gained from Cell Signaling
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Technology (Shanghai,China), Nephrin and NPHS2 were purchased from Abcam (Shanghai, China), Sirt1
and phospho Sirt1 (Ser 27) were obtained from Bioss Biotechnology (Beijing, China) , and GAPDH was
acquired from Good Here (Hangzhou, China).

Transmission electron microscopy

The kidney specimens were �xed in glutaraldeyde immediately after biopsy or nephrectomy. Ultrathin
sections were cut with an ultramicrotome, stained with 2% uranyl acetate and lead citrate, and examined
with a JEOL JEM-1400 Plus transmission electron microscope. Autophagosomes in podocytes were
identi�ed [7,8] under 5000× and 25,000× high-power �eld. Each tissue sample was examined; ten
podocytes were randomly selected to count the number of autophagosomes and autophagolysosomes in
podocytes. After counting, statistical analysis were performed by an experienced pathologist and
nephrologist.

Renal histology

Formalin-�xed and para�n-embedded kidney tissues were prepared as 4μm sections and depara�nized
and hydrated. Sections were processed for periodic acid-Schiff staining. Slides were rinsed in distilled
water after oxidizing in 0.5% periodic acid for 5 min, incubated in Schiff reagent for 15 min, washed in
lukewarm tap water for 5 min, and counterstained in Mayer’s hematoxylin.

Confocal immuno�uorescence staining and analysis

Kidney tissue sections or cells were �xed using cold methanol for 40 min and incubated overnight at 4 °C
with primary antibodies. Secondary antibodies conjugated with Alexa Fluor® 488 or 594 were incubated
at 25 °C for 1 h. Finally, sections were counterstained with Propidium Iodide and visualized by the Zeiss
LSM 880 confocal microscope. Primary antibodies against SQSTM1/P62 and Nephrin were purchased
from Servicebio Biotechnology (Wuhan,China), LC3B was obtained from Sigma-Aldrich (Shanghai,
China), GSK3β (Phospho Ser9) was gained from Cell Signaling Technology (Shanghai, China), WT-1 was
acquired from Santa Cruz Biotechnology (Shanghai, China), and phospho Sirt1 (Ser 27) was gained from
Bioss Biotechnology (Beijing, China).

Statistical analyses

Statistical analyses were performed using SPSS or Prism software. Data were expressed as means ±
standard deviation (Unless otherwise stated). Continuous variables were compared using ANOVA and
independent t-test. P-values < 0.05 in two-tailed tests were considered statistically signi�cant in all
analyses.

Results
Effect of Risa Overexpression and Inhibition on High-Glucose-Induced Podocyte Injury
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High Glucose could stimulate the injury of podocytes. We initially determined Risa expression in DN mice
or MPCs following different stimulations. qRT-PCR results showed that Risa expression in DN mice was
signi�cantly higher than healthy controls, but decreased after Risa-AAV treatment (Figure 1A). Similarly,
the expression of Risa in HG group increased signi�cantly compared with healthy control groups (NG,
HM), but decreased after Risa-LV treatment (Figure 1B). qRT-PCR results con�rmed the successful
overexpression and inhibition of Risa in high-glucose-induced MPCs (Figures 1A,B). We then examined
the effect of Risa overexpression and inhibition on podocyte injury. Western blot and
immuno�uorescence staining results supported that overexpressions of Risa in db/db mice group
(Figures 1C,E) or high-glucose-treated MPC group (Figures 1D,F) had poor levels of podocyte expression.
However, the levels of podocyte expression were increased markedly after Risa-AAV or Risa-LV treatment
(Figures 1C-F). Moreover, TEM results showed that thickness of the glomerular basement membrane
(GBM) were signi�cantly increased, and the number of foot processes reduced in db/db mice, but GBM
thicknesses were decreased after Risa-AAV therapy,as well as foot processes repaired (Figures 1G,H).
Again, PAS staining results revealed that the morphology of kidney was disordered, such as matrix
hyperplasia and vanishment of the cyst cavity markedly improved after Risa-AAV treatment (Figure 1G).
Finally, we observed the changes of clinical indexes in mice and found that the blood glucose, body
weight, urinary ACR, and blood creatinine of db/db mice were signi�cantly higher than db/m mice
(Figures 1I-L), whereas body weight, urinary ACR and blood creatinine were signi�cantly decreased except
blood glucose after Risa-AAV treatment in db/db mice compared with db/db control groups (Figures 1I-L).
Of note, high-glucose-induced podocyte injury and renal function damage were counteracted by Risa
inhibition but aggravated by Risa overexpression (Figures 1A-L). Taken together, Risa blocking abrogated
the synergist effects of Risa overexpression on podocyte injury and renal function damage.

Effect of Risa Overexpression and Inhibition on High-Glucose-Induced Autophagy Damage

Attenuation of podocyte autophagy has been shown to exert a podocyte- destructive effect in DN [25, 26].
Thus, we sought to determine whether autophagy attenuation is involved in the destructive effect of Risa
in podocytes. Firstly, MPCs autophagy were assessed by immuno�uorescence of LC3B (Figure 2A) and
western blot analysis of autophagy-related markers (LC3B, Beclin-1, P62 and GSK3β) (Figures 2B-D) in
different observation times and in different stimulations. The expressions of LC3II (Figure 2B),
phosphorylation of GSK3β (Figure 2D), and podocyte protective proteins (WT-1 and NPHS2) (Figure
2E),as well as the ratio of LC3II/I (Figure 2C) decreased with the lapse of time of high glucose stimulation,
and decreased signi�cantly after 24 hours, whereas an opposite trend was observed for P62 and Desmin
(Figure 2B,E). Therefore, podocyte autophagy decreased gradually with the prolongation of high glucose
stimulation. We then examined the effect of Risa overexpression and inhibition on podocyte autophagy.
qRT-PCR and western blot results showed that expressions of Beclin-1, LC3B (Figures 2F-I) and
phosphorylated GSK3β (Figures 2R-S) in DN mice and high-glucose-mediated MPCs were signi�cantly
lower than healthy controls, but increased after Risa-AAV or Risa-LV treatment (Figures 2F-I). The trend of
LC3B expression in immuno�uorescence results was the same as qRT-PCR and western blot results in
both DN mice or high glucose MPCs (Figures 2L,M). Besides, TEM results revealed that the numbers of
autophagosomes in DN mice and high glucose MPCs were lower than healthy control groups, but
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increased after Risa-AAV or Risa-LV therapy (Figures 2N-Q). Diabetes environment or high glucose
enhanced the inhibition of protein levels of LC3B, Beclin-1, phosphorylated GSK3β, the ratio of LC3II/LC3I
(Figures 2J,K), and number of autophagosomes (Figures 2N-Q), while an opposite trend was observed for
P62 (Figures 2H,I). Thus, the damage of podocyte autophagy by high glucose was counteracted by Risa
inhibition but aggravated by Risa overexpression. We also found that Risa inhibiting abrogated the
synergist effects of Risa overexpression on autophagy damage.

Risa Overexpression Aggravated the High-Glucose-Induced podocyte Injury by Reducing Autophagy

The above researching conclusions indicated that Risa expression increased, as well as podocyte and
autophagy damage increased in high glucose, and Risa inhibition could improve podocyte and
autophagy damage. Thus, the changes of Risa, podocyte and autophagy damage showed consistent
changes. To verify the autophagy pathway, podocyte autophagy was observed by treatment with Licl (an
activator of autophagy, also an inhibitor of GSK3β) in DN mice or high glucose MPCs. Western blot and
immuno�uorescence results showed that treatment with Licl had increased the expressions of LC3B and
NPHS2 in db/db mice (Figures 4A,E,G) and high glucose MPCs (Figures 4B,F,H), as well as the ratio of
LC3II/I (Figure 4C,D). Of note, Licl treatment abrogated the autophagy injury effect of Risa overexpression
in DN mice and high glucose MPCs, reversing the Risa overexpression-mediated injury of podocyte
autophagy. These results implied that Risa overexpression aggravated the high-glusoce-induced
podocyte injury by reducing autophagy.

Risa Suppressed Autophagy and Aggravated Podocyte Injury Via Sirt1-mediated Autophagy Axis

To explore the relationship between Risa and high-glucose-induced podocyte autophagy pathway, our
bioinformatics analysis revealed that there were putative binding sites between Risa, GSK3β and miRNAs
(miR-6380, miR-706, miR-1195 and miR-3098-5p). We transfected miRNA mimics into HEK293T cells. The
mmu-miR-6380/mmu-miR-706/mmu- miR-1195/mmu-miR-3098-5p signi�cantly downregulated the
expression of luciferase of m-AK044604-3UTR-WT (Supplemental Figure 1A-C). In contrast, there were no
signi�cant differences in luciferase activity cotransfected with mmu-miRNAs and m-GSK3β- 3UTR-WT
(Supplemental Figure 1D-H ).

Risa is located close to Sirt1 and plays an important role in regulating insulin sensitivity and autophagy
in vitro and in vivo [24]. Sirt1, an autophagy marker, interacts with components of the autophagy
machinery [12, 27, 28, 29]. Diabetes-induced downregulation of Sirt1 leads to reducing autophagy and
accelerating the pathogenesis of DN [30, 31, 32, 33]. Therefore, both Risa and Sirt1 have the function of
regulating autophagy. We suppose that there are interactions between them in the process of DN, and
crosstalks of Risa and autophagy might be a therapeutic target for preventing and treating DN. However,
the precise molecular mechanisms are not fully understood. Thus, we speculated that Risa could bind to
RNA or protein in a high glucose environment and relieve the levels of downstream (GSK3β, Beclin-1, and
LC3B) autophagy by Sirt1, thereby leading to podocyte damage. Western blot and immuno�uorescence
results showed that Sirt1 inhibitor (EX-527) greatly decreased the phosphorylation of Sirt1 and GSK3β
expressions in high-glucose-induced Risa inhibition MPCs (Figure 4A, D). Furthermore, the levels of
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podocyte markers (NPHS2, WT-1, and Nephrin) signi�cantly decreased by EX-527 transfection in high-
glucose-induced Risa inhibition MPCs, but contrary to Desmin expression (Figures 4B, E). In addition,the
levels of autophagy markers (Beclin-1 and LC3B) were notably downregulated, whereas the P62 level was
signi�cantly upregulated in high-glucose-induced Risa inhibition MPCs following transfection with EX-
527 (Figure 4C, F). Finally, importantly, Risa inhibition transfection effectively abolished the Risa
overexpression-mediated autophagy inhibition and podocyte injury by high glucose, but Sirt1 inhibition
could abrogate the autophagy-promoting and anti-injury effects of Risa inhibition in high-glucose-
mediated MPCs. Therefore, Risa overexpression attenuated Sirt1-mediated downstream autophagy levels
and then aggravated the injury of podocytes by inhibiting the expression of Sirt1 in high glucose MPCs.
Taken together, Risa suppressed autophagy and aggravated podocyte injury via the Sirt1 autophagy axis
in high glucose.

Discussion
Previous studies have demonstrated that overexpression of Risa in primary liver cells or C2C12 myotubes
of mice reduces autophagy, while Risa inhibition by tail vein injection of adenovirus could enhance
autophagy in ob/ob mice, thereby reducing insulin resistance [24]. Some LncRNAs, including LncRNA
ZNNT1[34], SNHG8[35], LINC01116124 [36], and MEG3 [37] also have been found to be related to
autophagy. However, little is known about the role and speci�c mechanism of Risa on DN. The major
�ndings of this study were that Risa overexpression in high glucose acted as an adverse factor by
suppressing autophagy in podocytes and thus promoted the development of DN. Risa suppressed
autophagy and decreased the expression of podocytes by Sirt1 and suppression of Risa might be an
effective measure in protecting the podocyte.

Autophagy is an important and complex pathophysiological mechanism of DN [38], and Sirt1 is
considered as one of the most critical autophagy regulators in DN [39]. Sirt1-dependent autophagic
induction in response to environmental stress is crucial for the maintenance of renal function. Sirt1, a
positive regulator of autophagy, especially an important inducer of autophagic �ux in the kidney, is also
downregulated in diabetic kidneys [39]. In experimental models of both type 1 and type 2 diabetes, the
expression and activity of Sirt1 have been reported to be reduced in the kidney [40]. Moreover, studies
using Sirt1 activators in models of both type 1 and type 2 diabetes have reported renoprotective bene�ts
[41, 42]. DN caused by hyperglycemia involves various factors, such as malnutrition or excess, energy
de�ciency or surplus, hypoxia, accumulation of metabolites, etc. Therefore, the pathogenesis of DN is
extremely complex and the mechanisms of Sirt1 in podocyte autophagy are still lacking, but Sirt1 can
deacetylate essential autophagic factors such as Atg5, Atg7,Atg8, LC3,etc., and has been shown to induce
autophagy [12]. Thus, Sirt1 regulates autophagosome formation via multiple components (GSK3b,
Beclin-1, P62 etc) of the autophagy machinery [43]. Although accumulating evidence has shown that
GSK3β activity is inversely correlated with autophagy [44], the underlying mechanism has not been fully
clari�ed. The imbalanced energy homeostasis caused by impaired glucose metabolism might lead to
autophagy induction together with GSK3β inhibition [45]. All of these derangements acting in concert
reduce the kidney’s ability to maintain cellular homeostasis and health; however, the loss of Sirt1 function
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seems to be particularly important [46]. Several epidemiologic studies have shown that polymorphisms in
the gene encoding Sirt1 increase the risk of CKD in patients with type 2 diabetes [47]. Additionally, serum
levels of Sirt1 are decreased in these patients, and this decline parallels the development of albuminuria
[48].

Risa is known as a regulator of insulin sensitivity and autophagy [24]. Previous studies have
demonstrated that overexpression of Risa induces insulin resistance in primary mouse hepatocytes and
markedly reduces the phosphorylation level of Akt/GSK3β, as well as the effect of autophagy (mTOR,
LC3II). Moreover, knockdown of Atg7 or Atg5 signi�cantly inhibits the effect of knockdown of Risa on
insulin resistance, suggesting that knockdown of Risa improves insulin sensitivity by enhancing
autophagy and Risa is a potential target for treating insulin-resistance–related diseases [24]. Therefore,
the effects of Risa overexpression and inhibition on autophagy pathway of glomerular podocytes were
explored in the DN db/db mouse model and MPC. Our data showed that Risa overexpression could
aggravate podocyte damage by suppressing Sirt1-mediated autophagy pathway both in db/db mice and
high- glucose-treated MPCs (Figure 5). In addition, tail vein injection of Risa-AAV in DN mice or
transfection with Risa-LV in high-glucose-induced MPCs could both enhance the autophagy sensitivity
and podocyte level. This suggests that targeting Risa may be an effective treatment for DN. However,
only a few miRNAs were found to execute their biological functions in DN via targeting Risa to date,
further research is needed to explore some more biological effects and targets of Risa in glomerular
podocytes as it would bring us a step closer to identifying the underlying mechanism in the pathogenesis
of DN. Taken together, the data demonstrate that Risa regulates podocyte expression by affecting
autophagy in DN and suggest that Risa is a potential target for treating DN.

Conclusion
In summary, Risa was overexpressed in DN mice and high-glucose-induced MPCs. Risa overexpression
decreased the Sirt1-mediated autophagy pathway and aggravated podocyte damage, and Risa inhibition
could improve autophagy mediated podocyte injury. SNP r3740051 in the human Sirt1 promoter or the
predicted human Risa is associated with energy expenditure when food is withheld, supporting the
potential effect of the predicted human Risa on insulin sensitivity and glucose homeostasis [49]. Hence,
Risa may contribute to the development of effective therapeutic agents for the treatment of human
DN.Taken together, Risa regulates podocyte expression by affecting autophagy and suggests that Risa is
a potential target for treating DN.
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Figure 1

Effect of Risa overexpression and inhibition on high-glucose-induced podocyte Injury. Risa expressions in
DN mice (A) and MPCs (B) were examined by qRT-PCR analysis. (C) Protein levels of podocyte markers
(Nephrin, WT-1, NPHS2, and Desmin) examined by western blot in DN mice transfected with Risa
inhibition vector (Risa-AAV group) and empty vector in the presence of diabetes versus db/m mice, and
(D) Protein levels of podocyte markers examined by western blot in MPCs transfected with Risa inhibition
vector (Risa-LV group) and empty vector in the presence of high glucose versus control group. The
location and expression of Nephrin in kidney tissues of mice groups (E) and MPC groups (F) were
observed by confocal immuno�uorescence staining. SY stands for Synaptopodin. Scale: 20 μm. (G) The
morphology of kidney and glomerular basement membrane (GBM) thickness were observed under PAS
staining and TEM in mice groups. Scale bar: 20μm for PAS staining; 1 μm for electron microscopy. (H)
The thincknesses of GBM were calculated. Changes of random blood glucose(I), weight(J), uAcr(K), and
serum creatinine(L) in mice at different time points. The data are expressed as mean ± standard
deviation from three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 versus the healthy
control group,and # P < 0.05, ## P < 0.01, ### P < 0.001 versus the experimental control group.



Page 17/20

Figure 2

Effect of Risa Overexpression and Inhibition on High-Glucose-Induced Autophagy Damage. Autophagy
expressions in MPCs were examined by immuno�uorescence (LC3B) (A) and western blot (LC3B, Beclin-1
and P62) (B) in different observation time by high glucose, as well as the ratio of LC3-II/LC3-I (C).
Phosphorylation of GSK3β (D) and podocyte markers (WT-1, NPHS2, and Desmin) (E) were observed in
different observation time by high glucose. Autophagy markers (LC3B and Beclin-1) were examined by
qRT-PCR in mice groups (F) and MPC groups (G). Protein levels of Beclin-1, LC3B and P62 (H,I),as well as
the LC3-II/I ratio (J,K) were examined by western blot in mice groups (H,J) and MPC groups (I,K). The
autophagy of podocyte was observed under TEM in mice groups (N) and MPC groups (O), as well as the
numbers of autophagosomes were counted (white arrows) (P,Q). Protein levels of phosphorylated GSK3β
were examined by western blot in mice groups (R) and MPC groups (S). Scale bar: 20μm for
immuno�uorescence. 1 μm for autophagy electron microscopy, 200nm for enlarged autophagy. The data
are expressed as mean±standard deviation from three independent experiments. *P < 0.05, **P < 0.01,
***P < 0.001 versus the previous time group or *P < 0.05, **P < 0.01, ***P < 0.001 versus the healthy
control group, and #P < 0.05, ##P < 0.01, ###P < 0.001 versus the experimental control group.
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Figure 3

Risa overexpression exacerbated the high-glucose-induced podocyte injury by attenuating autophagy.
Autophagy marker (LC3B) was examined by western blot and immuno�uorescence in mice groups (A,E)
and MPC groups (B,F) under Licl treatment in DN mice and high glucose MPCs, as well as the ratio of
LC3II/I (C,D). NPHS2 was examined by western blot in mice groups (G) and MPC groups (H). 20μm for
immuno�uorescence. The data are expressed as mean±standard deviation from three independent
experiments. *P < 0.05, **P < 0.01, ***P < 0.001 versus the previous time group or *P < 0.05, **P < 0.01,
***P < 0.001 versus the healthy control group, and #P < 0.05, ##P < 0.01, ###P < 0.001 versus the
experimental control group.
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Figure 4

Risa Suppressed Autophagy and Aggravated Podocyte Injury Via Sirt1-mediated Autophagy Axis. Sirt1-
related autophagy level examined by western blot and immuno�uorescence transfected with Risa-LV
vector, empty vector, and co-transfected with Risa-LV and EX-527 in high-glucose-treated podocytes
compared with healthy control groups and experimental control group. Phosphorylation of Sirt1 and
GSK3 β were assessed by western blot (A) and immuno�uorescence (D). Podocyte markers were
assessed by western blot (NPHS2 and Desmin) (B) and immuno�uorescence (WT-1 and Nephrin) (E).
Expression of Beclin-1 and P62 were examined by western blot (C), as well as LC3B and P62 were
assessed by immuno�uorescence (F) in MPC. 20μm for immuno�uorescence.
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Figure 5

A working model for Risa regulation on podocyte injury and autophagy in DN. Under hyperglycemia, the
activity and expression of Risa increased, but Sirt1 activity decreased, and activated GSK3β increased,
then changed the expression and function of autophagy protein and podocyte protein through interaction
and phosphorylation, which eventually led to podocyte damage.
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