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ABSTRACT
Introduction  We previously reported the significant 
upregulation of eight circulating exosomal microRNAs 
(miRNAs) in patients with diabetic kidney disease (DKD). 
However, their specific roles and molecular mechanisms 
in the kidney remain unknown. Among the eight miRNAs, 
we evaluated the effects of miR-5010-5p on renal tubular 
epithelial cells under diabetic conditions in this study.
Research design and methods  We transfected the 
renal tubular epithelial cell line, HK-2, with an miR-
5010-5p mimic using recombinant plasmids. The target 
gene of hsa-miR-5010-5p was identified using a dual-
luciferase assay. Cell viability was assessed via the 3-(4, 
5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide 
assay. Moreover, mRNA and protein expression levels 
were determined via real-time PCR and western blotting, 
respectively.
Results  High glucose levels did not significantly affect 
the intracellular expression of miR-5010-5p in HK-2 
cells. Transfection of the miR-5010-5p mimic caused no 
change in cell viability. However, miR-5010-5p-transfected 
HK-2 cells exhibited significantly decreased expression 
levels of inflammatory cytokines, such as the monocyte 
chemoattractant protein-1, interleukin-1β, and tumor 
necrosis factor-ɑ, under high-glucose conditions. These 
changes were accompanied by the restored expression 
of phosphorylated AMP-activated protein kinase (AMPK) 
and decreased phosphorylation of nuclear factor-kappa B. 
Dual-luciferase assay revealed that miR-5010-5p targeted 
the gene, protein phosphatase 2 regulatory subunit B delta 
(PPP2R2D), a subunit of protein phosphatase 2A, which 
modulates AMPK phosphorylation.
Conclusions  Our findings suggest that increased miR-
5010-5p expression reduces high glucose-induced 
inflammatory responses in renal tubular epithelial cells 
via the regulation of the target gene, PPP2R2D, which 
modulates AMPK phosphorylation. Therefore, miR-5010-5p 
may be a promising therapeutic target for DKD.

INTRODUCTION
Chronic kidney disease (CKD) is a public 
health concern that affects approximately 
one-tenth of the global population.1 Diabetes 
mellitus is the leading cause of CKD and is 
responsible for the progression of kidney 

failure with replacement therapy.2 Recently, 
several medications have exhibited promising 
effects in the management of diabetic kidney 
disease (DKD).3 4 Despite the advances in treat-
ment, some patients still progress to kidney 
failure, emphasizing the need to explore the 
unknown pathophysiology and develop novel 
treatment approaches for DKD.

MicroRNAs (miRNAs) are small single-
stranded non-coding RNAs involved in 
the regulation of gene expression via 
post-transcriptional mechanisms. miRNAs 
regulate at least 60% of the human protein-
coding genes.5 Therefore, miRNAs are 
rapidly emerging as targets for kidney disease 
research. Several miRNAs are associated 
with intrarenal inflammation and fibrosis in 
DKD.6–9 We previously reported circulating 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ We previously reported the significant upregulation 
of eight circulating exosomal microRNAs in patients 
with diabetic kidney disease (DKD); however, their 
specific roles and molecular mechanisms in the kid-
ney remain unknown.

WHAT THIS STUDY ADDS
	⇒ Among the eight miRNAs, miR-5010-5p-transfected 
HK-2 cells exhibited significantly decreased expres-
sion levels of inflammatory cytokines. miR-5010-5p 
targeted the PPP2R2D (protein phosphatase 2 reg-
ulatory subunit B delta) gene, a regulatory subunit 
of protein phosphatase 2A, which was responsible 
for the decreased phosphorylation of AMP-activated 
protein kinase.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE, OR POLICY

	⇒ These results showed that miR-5010-5p had a pro-
tective effect on renal tubular epithelial cells in dia-
betic conditions. Therefore, miR-5010-5p can be a 
therapeutic target in DKD.
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miRNAs in the exosomes of patients with DKD.10 In that 
study, we identified eight miRNAs that were uniquely 
upregulated in patients with DKD than in the healthy 
volunteers and patients with diabetes without kidney 
disease. Recently, a Chinese study validated one of our 
identified miRNAs, miR-4449, and reported that it regu-
lated the inflammatory cytokine expression, reactive 
oxygen species levels, and pyroptosis by modulating 
the hypermethylation of cancer 1 gene.11 However, the 
specific genes and molecular mechanisms associated with 
the other miRNAs remain unknown.

In this study, we investigated the molecular mechanism 
underlying the upregulation of miR-5010-5p expres-
sion in patients with DKD. While several studies have 
documented alterations in the circulating levels of miR-
5010-5p across different diseases,12–14 the molecular path-
ways involving this miRNA have not yet been identified, 
particularly in DKD. Here, we found that miR-5010-5p 
mitigated the inflammatory responses of tubular epithe-
lial cells under diabetic conditions by modulating the 
expression of protein phosphatase 2 regulatory subunit 
B delta (PPP2R2D).

METHODS
Cell culture
Human proximal tubule cells, HK-2 (American Type 
Culture Collection), were seeded at a density of 2×105 
cells/well in a 6-well plate and cultured in the Dulbecco’s 
modified Eagle’s medium with F12 containing 10% fetal 
bovine serum (Gibco, Waltham, MA). Cells were cultured 
at 37°C in a 5% CO2 atmosphere. HK-2 cells were treated 
with 30 mM d-glucose (Sigma-Aldrich, St. Louis, MO) for 
24 hours.

miRNA transfection
HK-2 cells were transfected with the miR-5010-5p mimic 
or negative control (mirVana; Invitrogen, Waltham, MA) 
at a concentration of 100 pmol using the Lipofectamine 
RNAiMAX transfection reagent (Invitrogen) in the 
Opti-MEM (Gibco) media, according to the manufac-
turers’ instructions. Cells were transfected for 24 hours, 
replaced with the serum-free medium, and stimulated 
with d-glucose the following day.

Luciferase assay
We used TargetScan Human (V.8.0; https://target-
scan.org) to identify the target genes of miR-5010-5p. 
To confirm the targets of several candidate genes, we 
performed a luciferase assay using the Gaussia lucif-
erase/secreted alkaline phosphatase (GLuc/SEAP) 
dual-reporter vector (Secrete-Pair Dual Luminescence 
Assay; GeneCopoeia, Rockville, MD). Target clone for 
the 3′-untranslated region (UTR) of PPP2R2D gene or 
control clone was inserted into the vector. After 24 hours 
of transfection, the miR-5010-5p mimic and negative 
control were cotransfected for another 24 hours. Lumi-
nescence intensities of GLuc and SEAP were measured 

in the culture media, and SEAP was used as an internal 
control to compare the relative intensities of GLuc.

Cell viability assay
HK-2 cells were plated in a 96-well plate at a density of 
1×104 cells/well at 37°C and 5% CO2 for 48 hours, and 
50 µL of 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyltetra
zolium bromide (MTT) reagent (Abcam, Cambridge, 
UK) was added to each well. After 3 hours of incubation 
at 37°C, absorbance was measured at an optical density 
(OD) of 590 nm. The percentage of cell viability was calcu-
lated as follows: cell viability (%) = (ODsample–ODblank)/
(ODcontrol–ODblank)×100.

Single-nucleus RNA sequencing data analysis
The Seurat object was obtained from the Kidney Preci-
sion Medicine Project (KPMP) data repository (https://​
atlas.kpmp.org/repository). We downloaded the dataset 
file (WashU-UCSD_KPMP-Biopsy_10X-R_05142021.
h5Seurat), for which the KPMP team performed quality 
control and cluster annotation already. Seurat package 
(V.4.3.1) in R (V.4.3.0; The R Foundation for Statistical 
Computing, Vienna, Austria) was used for analysis. The 
DimPlot function was used for the Uniform Manifold 
Approximation and Projection plot. The FeaturePlot and 
VlnPlot functions were used to examine the gene expres-
sion of PPP2R2D in each cell cluster. The DotPlot function 
was used to compare gene expression patterns of regula-
tory subunits of protein phosphatase 2A (PP2A) in cell 
clusters.

Enzyme activity of PP2A
PP2A activity was measured using the serine/threonine 
phosphatase assay kit (Millipore, Massachusetts, USA), 
according to the manufacturer’s protocol. Briefly, the 
total protein concentration of the cell lysate was measured 
using the Bicinchoninic acid (BCA) reagent for normal-
ization. Samples were mixed with the serine/threonine 
assay buffer (50 mM Tris–HCl, pH 7.0, and 100 µM 
CaCl2) and 25 µL of the mixture was added to each well 
of a 96-well plate, followed by the addition of 100 µL of 
malachite green solution and incubation for 15 min at 
room temperature for color development. Absorbance 
was measured at OD 650 nm, and phosphate release was 
calculated using a phosphate standard curve generated 
using a phosphate standard (KH2PO4).

Reverse transcription (RT)-PCR
RT-PCR was performed to determine changes in mRNA 
and miRNA expression levels. Total RNA was extracted 
from the cells using the TRIzol Reagent (Life Technolo-
gies, Carlsbad, California, USA) and reverse-transcribed 
to cDNA using the StepOne Plus Real-Time PCR System 
(Applied Biosystems, Massachusetts, USA). TaqMan 
Assays-on-Demand Gene Expression Product (Applied 
Biosystems) was used for mRNAs (interleukin-1β (IL-1β), 
Hs01555410_m1; monocyte chemoattractant protein-1 
(MCP-1), Hs00234140_m1; tumor necrosis factor-ɑ (TNF-
α), Hs00174128_m1; PPP2R2D, Hs00908762_g1) and 
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miRNAs (hsa-miR-5010-5p, 476643_mat; hsa-miR-4449, 
463005_mat; hsa-miR-1246, 462575_mat; hsa-miR-
642a-3p, 474715_mat; hsa-let-7c, 000379; hsa-miR-1255B, 
002801; hsa-let-7i, 002172). Glyceraldehyde 3-phosphate 
dehydrogenase was used as a housekeeping gene for the 
internal control for mRNA, whereas RNU48 was used for 
miRNAs. Relative mRNA expression changes were deter-
mined using the ΔΔCt method.

Western blotting
Cells were lysed using the radioimmunoprecipitation 
assay buffer (CureBio, Seoul, Korea) and a protease 
inhibitor cocktail (Sigma-Aldrich). Protein quantifica-
tion was performed using a BCA reagent. Lysates mixed 
with the sodium dodecyl sulfate–polyacrylamide gel 
electrophoresis buffer run in gels (Bio-Rad, California, 
USA), transferred to membranes, and incubated with the 
following primary antibodies: PPP2R2D (1:1000; Invit-
rogen), total AMP-activated kinase (AMPK; 1:1000; Cell 
Signaling, MA, USA), phosphorylated AMPK (pAMPK) 
(1:1000, Cell Signaling), total nuclear factor-kappa B 
(NF-κB; p65; 1:1000, Cell Signaling), and phosphorylated 
NF-κB (pNF-κB; 1:1000; Cell Signaling). After incubating 
with the secondary antibodies (antirabbit 1:5000; Cell 
Signaling), a chemiluminescent reagent (Thermo Scien-
tific, Illinois, USA) was added to the membranes, and the 
density of the bands was measured using ImageQuant 
LAS 500 (Cytiva, Massachusetts, USA).

Statistical analyses
All experiments were repeated at least thrice. Data are 
expressed as the mean±SD, and differences between 
groups were analyzed using a one-way analysis of variance. 
Post-hoc analysis between groups was performed using 
Tukey’s test. Statistical significance was set at p<0.05. All 
statistical analyses were performed using SPSS (V.22.0; 
IBM, Armonk, New York, USA).

RESULTS
Expression levels of DKD-associated miRNAs are not 
increased in HK-2 cells
We previously reported that the levels of eight 
miRNAs (miR-4449, miR-1246, miR-642a-3p, let-
7c-5p, miR-1255b-5p, let-7i-3p, miR-5010-5p, and 
miR-150–3 p) were significantly upregulated in the 
circulating exosomes of patients with DKD.10 There-
fore, to determine whether this upregulation of 
miRNA expression is due to their increased expres-
sion in the kidneys, we determined their expression 
levels in HK-2 cells under high glucose conditions in 
this study. We observed no significant differences in 
the expression levels of the eight miRNAs on treat-
ment with 30 mM of d-glucose in HK-2 cells (online 
supplemental figure S1). These findings suggest that 
the increased levels of circulating miRNAs in patients 
were not due to increased secretion by the kidney 
tubules.

Transfection of miR-5010-5p ameliorates the inflammatory 
response in HK-2 cells under high glucose conditions
To identify the effects of high miRNA concentrations 
on HK-2 cells, we transfected HK-2 cells with an miRNA 
mimic. HK-2 cells were transfected with the miR-
5010-5p mimic and subsequently treated with 30 mM 
d-glucose for 24 hours. MTT assay showed that the 
cell viability remained high in all groups (figure 1A). 
However, RT-PCR revealed that the expression levels 
of proinflammatory cytokines, such as the MCP-1, 
TNF-α, and IL-1β, which were increased by high 
glucose stimulation, were significantly attenuated 
by miR-5010-5p transfection (figure  1B–D). These 
results suggest that miR-5010-5p exerts a protective 
effect by reducing the inflammatory response in renal 
tubular epithelial cells under diabetic conditions.

miR-1050-5p inhibits the expression of PPP2R2D
To gain further insight into the molecular pathways 
involved in the changes in HK-2 cells following miR-
5010-5p transfection, we examined the target genes 
of miR-5010-5p using the TargetScan database. 
Among several candidate genes, we identified 3′-UTR 
of PPP2R2D as having a potential binding site of miR-
5010-5p (figure  2A). To identify whether PPP2R2D 
gene is expressed in human kidney tubule, we used 
the transcriptome of 105 389 cells from 19 human 
kidney samples (3 healthy controls, 6 cases of acute 
kidney injury, and 10 cases of CKD) obtained from 
the KPMP data repository (https://atlas.kpmp.org/​
repository). Among the 15 clusters of kidney cells 
(figure  2B), we found PPP2R2D gene was generally 
expressed in all types of tubular clusters, from prox-
imal tubular epithelial cells to collecting duct cells 
(figure 2C,D). Among the several regulatory subunits 
of PP2A, we observed that PPP2R2D is one of the 
highly expressed subunits in proximal tubular epithe-
lial cells (figure  2E). In addition, when we further 
examined the protein expression of PPP2R2D, we 
found that PPP2R2D was exclusively expressed in 
tubular epithelial cells, but not in glomerular cells, 
in the pathology data from the Human Protein Atlas 
(https://www.proteinatlas.org/ENSG00000175470-​
PPP2R2D/tissue/kidney). Taken together, these data 
established the presence of both gene and protein 
expressions of PPP2R2D within human proximal 
tubular epithelial cells.

Therefore, to further validate the interaction 
between miR-5010-5p and PPP2R2D gene, clones 
targeting 3′-UTR of PPP2R2D containing comple-
mentary sequence of miR-5010-5p were inserted into 
reporter vectors, and we transfected them into HK-2 
cells. When we cotransfected the miR-5010-5p mimic 
with the reporter vectors, we observed a significant 
decrease in relative luciferase activity, whereas no 
difference was observed when the mimic was cotrans-
fected with the control vectors (figure 3A). Further-
more, RT-PCR revealed that the mRNA expression 
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https://dx.doi.org/10.1136/bmjdrc-2023-003784
https://atlas.kpmp.org/repository
https://atlas.kpmp.org/repository
https://www.proteinatlas.org/ENSG00000175470-PPP2R2D/tissue/kidney
https://www.proteinatlas.org/ENSG00000175470-PPP2R2D/tissue/kidney


4 BMJ Open Diab Res Care 2024;12:e003784. doi:10.1136/bmjdrc-2023-003784

Pathophysiology/complications

level of PPP2R2D was significantly increased under 
high glucose stimulation, but this increase was atten-
uated by miR-5010-5p transfection in HK-2 cells 
(figure  3B). Consistent with mRNA expression, 
the significantly increased protein expression of 
PPP2R2D induced by high glucose was decreased by 
transfection with miR-5010-5p (figure 3C).

Transfection of miR-5010-5p modulates the phosphorylation 
of AMPK and NF-κB
Since PPP2R2D is a regulatory subunit of PP2A, we 
examined the effect of inhibition of miR-5010-5p for 
the expression of PPP2R2D on the enzyme activity 

of PP2A. We observed that the increased phos-
phatase activity of PP2A induced by high glucose 
stimulation was mitigated by transfection of miR-
5010-5p in HK-2 cells (figure  4A). Furthermore, 
previous studies have reported that PP2A along with 
PPP2R2D directly interacts with AMPK and decreases 
its kinase activity through dephosphorylation.15 16 
Western blotting analysis showed that the protein 
expression of pAMPK tended to be lower in HK-2 
cells stimulated with high glucose, but transfection 
with miR-5010-5p significantly increased the expres-
sion of pAMPK (figure  4B). AMPK is also known to 
inhibit NF-κB signaling and inflammation via several 

Figure 1  Transfection of miR-5010-5p mimic maintains the cell viability and decreases the expression levels of 
proinflammatory cytokines in HK-2 cells. (A) MTT assay was used to determine the cell viability after transfection. RT-PCR 
was used to determine the mRNA expression levels of the (B) RT-PCR for the mRNA expressions of MCP-1, (C) TNF-α, and 
(D) IL-1β. HK-2 cells were transfected with 100 pmol of miR-5010-5p mimic and treated with 30 mM of d-glucose. ***p<0.001. 
IL-1β, interleukin-1β; MCP-1, monocyte chemoattractant protein-1; MTT, 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyltetrazolium 
bromide; RT, reverse transcription; TNF-α, tumor necrosis factor-α; HG, high glucose; GAPDH, Glyceraldehyde 3-phosphate 
dehydrogenase; CCL2, chemokine (C-C motif) ligand 2.
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pathways.17 Therefore, we could also observe that 
the increased expression of pNF-κB induced by high 
glucose in HK-2 cells was ameliorated by the transfec-
tion of miR-5010-5p, which likely contributed to the 
decreased expression of pro-inflammatory cytokines 
(figure 4C).

DISCUSSION
In this study, we demonstrated that miR-5010-5p is asso-
ciated with the inflammatory response in high glucose-
stimulated HK-2 cells under high glucose stimulation. 
Overexpression of miR-5010-5p in HK-2 cells signifi-
cantly attenuated the increased expression of proinflam-
matory cytokines induced by high glucose. Luciferase 
reporter assay revealed that miR-5010-5p directly targets 
and inhibits the gene expression of PPP2R2D, which is 
a regulatory subunit of PP2A. In addition, transfection 
with miR-5010-5p decreased the phosphatase activity of 
PP2A, subsequently increasing the expression of pAMPK 
and decreasing the expression of pNF-κB, which might 

result in decreased expression of pro-inflammatory cyto-
kines (figure 5).

Numerous miRNAs have been reported to be altered 
during the pathogenesis of DKD, and the underlying 
molecular mechanisms have been identified.18 In 
general, miRNAs upregulated in DKD are associated with 
increased fibrosis and inflammatory responses in the 
kidneys, whereas downregulated miRNAs have a protec-
tive effect in the kidneys. However, miR-5010-5p was one 
of the miRNAs that was upregulated in DKD but exhibited 
a protective effect. Another miRNA we discovered to be 
upregulated in DKD, Let-7c family, also showed a bene-
ficial effect by attenuating fibrosis in the kidney via the 
transforming growth factor-β pathway.19 These increased 
levels of miRNAs could counteract the increased renal 
fibrosis and inflammation in DKD, making them prom-
ising therapeutic targets for the treatment of DKD.

PP2A is a major class of serine/threonine protein 
phosphatase consisting of three subunits: A (scaf-
folding subunit), B (regulatory subunit), and C (cata-
lytic subunit). PPP2R2D is a regulatory subunit of 

Figure 2  PPP2R2D is expressed in human renal tubular epithelial cells. (A) Candidate sequence of wild-type PPP2R2D 
complementary to miR-5010-5p. Candidate target genes complementary to miR-5010-5p were searched using TargetScan 
(https://targetscan.org). (B) UMAP plot of 105 389 kidney cells from the KPMP data (https://atlas.kpmp.org/repository). 
(C) Feature plot of the expression of PPP2R2D in clusters. (D) Violin plot of the expression of PPP2R2D in clusters. (E) Dot plot 
of the expression pattern of regulatory subunits of PP2A in clusters. ATL, ascending thin limb; CNT, connecting tubule; DCT, 
distal convoluted tubule; DTL, descending thin limb; EC, endothelial cell; FIB, fibroblast; IC, intercalated cell; IMM, immune 
cell; NEU, neural cell; PC, principal cell; PEC, parietal epithelial cell; POD, podocyte; PT, proximal tubule epithelial cell; TAL, 
thick ascending limb; VSM/P, vascular smooth muscle cell/pericyte. The results here in a part are based on data generated by 
KPMP: DK133081, DK133091, DK133092, DK133093, DK133095, DK1330971, DK114866, DK114908, DK133090, DK133113, 
DK133766, DK133768, DK114907, DK114920, DK114923, DK114933, DK114886. https://www.kpmp.org. Data were 
downloaded on July 10, 2023. KPMP, Kidney Precision Medicine Project; PP2A, protein phosphatase 2A; PPP2R2D, protein 
phosphatase 2 regulatory subunit B delta; UMAP, Uniform Manifold Approximation and Projection.
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PP2A that modulates the phosphatase activity of the 
catalytic subunit of PP2A. It was initially recognized 
for its involvement in mitosis by modulating the 
phosphorylation of cell cycle proteins.20 In addition, 
PPP2R2D has been linked to the proliferation and 
apoptosis of T cells and pathogenesis of cancer and 
autoimmune diseases.21 22 Moreover, PPP2R2D regu-
lated AMPK activity. PP2A inhibits AMPK activation.23 
Among several regulatory subunits of PP2A, Joseph 
et al reported that PP2A with PPP2R2D directly inter-
acted with AMPK by dephosphorylation of Thr-172 

in both rodent and human vascular smooth muscle 
cells.15 Furthermore, increased PPP2R2D expression 
was correlated with elevated blood lipid levels. Kim et 
al reported that PPP2R2D-dependent dephosphoryla-
tion of AMPK inhibited autophagy and induced mito-
chondrial dysfunction in a rodent model of alcoholic 
liver disease.16 However, to the best of our knowledge, 
no studies have investigated the role of PPP2R2D in 
DKD.

The role of PP2A in diabetes is complex, and contra-
dictory results have been reported. Previous studies have 

Figure 3  miR-5010-5p targets the PPP2R2D. (A) Dual luciferase assay was used to identify the target genes of miR-5010-
5p. Both GLuc and SEAP reporters targeted the 3′ -untranslated region of PPP2R2D or negative control. HK-2 cells were 
transfected with the miR-5010-5p mimic for 24 hours. Relative activities of GLuc/SEAP were compared between groups. 
(B) Reverse transcription-PCR was used to determine the mRNA expression of PPP2R2D. (C) Western blotting was used to 
determine the protein expression of PPP2R2D. HK-2 cells were transfected with 100 pmol of miR-5010-5p mimic and treated 
with 30 mM of d-glucose. ***p<0.001, **p<0.01, and *p<0.05. GLuc, Gaussia luciferase; PPP2R2D, protein phosphatase 2 
regulatory subunit B delta; SEAP, secreted alkaline phosphatase; NC, negative control.
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reported that PP2A activity is increased in glucotoxic 
or lipotoxic conditions in various cell types, including 
hepatocytes, cardiomyocytes, muscle cells, retinal endo-
thelial cells, and pancreatic β-cells.24 In addition, the 
dysregulation of cellular function under these condi-
tions was alleviated by pharmacological inhibition of 
PP2A. For example, Du et al reported that increased 
PP2A activity led to increased NF-κB activation and 
cell death in bovine aortic endothelial cells under high 
glucose conditions.25 Moreover, the inhibition of PP2A 
by benfotiamine inhibited high-glucose-induced NF-κB 
activation and cell death. On the contrary, metformin 
reduced apoptosis and NF-κB pathway in diabetic cardio-
myocytes by activating PP2A.26 Regarding DKD, an 
adiponectin receptor agonist ameliorated lipotoxicity, 
oxidative stress, and apoptosis in the kidneys of a DKD 
mouse model by activating AMPK phosphorylation and 
downregulating PP2A.27 However, contradictory results 
also reported that arctigenin reduced proteinuria in a 
diabetes mouse model by decreasing NF-κB mediated 
inflammatory response in podocytes via enhancing PP2A 
activity.28 Therefore, it is likely that the PP2A is involved 
in a variety of cell signaling processes in DKD, many of 
which remain to be elucidated.

However, the role of the regulatory B subunit of 
PP2A in DKD pathogenesis remains largely unex-
plored. These regulatory B subunits bind to the core 
dimer (composed of subunits A and C) in a mutually 
exclusive manner, determining the substrate spec-
ificity and subcellular localization of PP2A holoen-
zymes.29 In addition, the expression patterns of the 

PP2A subunits vary among organs.29 In this study, we 
identified that PPP2R2D was expressed in human 
proximal tubular epithelial cells using the KPMP and 
Human Protein Atlas data. Therefore, using HK-2 
cells, we observed that the high glucose-induced 
increase in PPP2R2D expression and PP2A activity 
was attenuated by miR-5010-5p. Moreover, involve-
ment of the PP2A/AMPK axis in tubular epithelial 
cell injury has been demonstrated in an ischemia/
reperfusion kidney model.30 In addition, as afore-
mentioned, a direct interaction between PPP2R2D 
and AMPK was reported in other organs.15 16 In this 
study, we showed that the PP2A/AMPK axis, which 
is mediated by PPP2R2D, also affects HK-2 cells 
under diabetic conditions. Furthermore, AMPK acts 
as a repressor of inflammation, particularly by inhib-
iting NF-κB signaling via several pathways, including 
peroxisome proliferator-activated receptor γ coact-
ivator 1α, Forkhead box O family, and sirtuin 1.17 
Therefore, in our study, the restoration of AMPK 
expression by miR-5010-5p may have resulted in 
reduced NF-κB signaling and decreased expression 
of pro-inflammatory cytokines.

This study has several limitations. In a previous study, 
we discovered increased expression of miR-5010-5p in the 
circulating exosomes of patients with DKD. However, we 
did not observe a similar increase in miR-5010-5p expres-
sion in HK-2 cells following high-glucose stimulation. 
Therefore, we must assume that this miRNA originates 
from other tissues; however, its exact source has not yet 
been identified. Second, the conservation of miR-5010-5p 

Figure 4  Transfection with miR-5010-5p mimic changes the PP2A activity and protein expression levels of AMPK and NF-κB. 
(A) Serine/threonine phosphatase assay was used to determine the activity of PP2A. Western blotting was used to determine 
the protein expression levels of total and phosphorylated (B) AMPK and (C) NF-κB (p65). HK-2 cells were transfected with 
100 pmol of miR-5010-5p mimic and treated with 30 mM of d-glucose. ***p<0.001, **p<0.01, and *p<0.05. AMPK, AMP-
activated protein kinase; NF-κB, nuclear factor-kappa B; pAMPK, phosphorylated AMPK; pNF-κB, phosphorylated NF-κB; 
PP2A, protein phosphatase 2A; HG, high glucose.
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across species has not yet been established. Therefore, 
although we used human renal tubular epithelial cells in 
this study, we could not validate the molecular pathways 
associated with miR-5010-5p expression in vivo. Finally, we 
could not determine whether pharmacological changes 
in the activity of PP2A could impact the protective effect 
of miR-5010-5p transfection in HK-2 cells.

CONCLUSION
In conclusion, our findings demonstrated that miR-
5010-5p exerted anti-inflammatory effects on high-
glucose-stimulated HK-2 cells. miR-5010-5p directly 
inhibits the expression of PPP2R2D and reduces 
the phosphatase activity of PP2A, resulting in the 
increased phosphorylation of AMPK. This PP2A/
AMPK axis may be responsible for the decreased 
expression of NF-κB and subsequent reduction in the 
levels of proinflammatory cytokines by miR-5010-5p. 
However, because the increased expression of miR-
5010-5p did not originate in HK-2 cells, further 

studies are needed to identify the potential miRNA-
mediated crosstalk among tissues in the pathogenesis 
of DKD.
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