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MicroRNA-10 negatively regulates
inflammation in diabetic kidney via targeting
activation of the NLRP3 inflammasome
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NLRP3 (NOD-, LRR-, and pyrin domain-containing protein 3)
inflammasome activation has emerged as a central mediator of
kidney inflammation in diabetic kidney disease (DKD). How-
ever, the mechanism underlying this activation in DKD
remains poorly defined. In this study, we found that kidney-en-
riched microRNA-10a and -10b (miR-10a/b), predominantly
expressed in podocytes and tubular epithelial cells, were down-
regulated in kidney from diabetic mice and patients with DKD.
High glucose decreased miR-10a/b expression in vitro in an os-
molarity-independent manner. miR-10a/b functioned as nega-
tive regulators of the NLRP3 inflammasome through targeting
the 30untranslated region of NLRP3 mRNA, inhibiting assem-
bly of the NLRP3 inflammasome and decreasing caspase-1-
dependent release of pro-inflammatory cytokines. Delivery of
miR-10a/b into kidney prevented NLRP3 inflammasome acti-
vation and renal inflammation, and it reduced albuminuria
in streptozotocin (STZ)-treated mice, whereas knocking
down miR-10a/b increased NLRP3 inflammasome activation.
Restoration of miR-10a/b expression in established DKD
ameliorated kidney inflammation and mitigated albuminuria
in both db/db and STZ-treated mice. These results suggest a
novel intervention strategy for inhibiting kidney inflammation
in DKD by targeting the NLRP3 inflammasome.

INTRODUCTION
Diabetic kidney disease (DKD) develops in approximately 40% of pa-
tients who are diabetic and is a leading cause of end-stage renal dis-
ease worldwide, posing an enormous burden on affected individuals
and health care systems.1–3 DKD is associated with sterile inflamma-
tion in the kidney, characterized by accumulation of macrophages
and T cells.2–5 Increasing evidence from clinical and experimental
studies suggests that renal inflammation plays crucial roles in the
development and progression of DKD.6 Infiltration of immune cells,
predominantly macrophages, is commonly observed in the intersti-
tium and glomeruli of kidney biopsy samples at all stages of DKD.7

The extent of macrophage accumulation is associated with decline
in renal function, suggesting a causative link of renal inflammation
with progression of DKD.8
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Themechanisms underlying inflammation in the diabetic kidney have
not been fully understood. Recent studies indicate that renal inflam-
mation is involved with the upregulation of inflammatory signaling
pathways, secretion of various cytokines and chemokines, and infiltra-
tion of immune cells in the kidney.9 NLRP3 (NOD-, LRR-, and pyrin
domain-containing protein 3) is an intracellular sensor that detects a
broad range of metabolic stress signals to result in the formation and
activation of the NLRP3 inflammasome.10 Assembly of the NLRP3 in-
flammasome leads to caspase-1 (Casp1)-dependent release of cyto-
kines IL-1b and IL-18, and it triggers the pro-inflammatory cascade
in the diabetic kidney.11,12 In patients with DKD, the expression of
markers of inflammasome activation, such as Casp1, interleukin
(IL)-1b, and IL-18, in renal biopsy samples is positively correlated
with the severity of albuminuria, suggesting that NLRP3 may play a
crucial role in the pathogenesis and progression of DKD.13 Therefore,
a mechanistic understanding of the regulation of NLRP3 activation
may help to reveal the molecules specifically targeting NLRP3 for
treatment of kidney inflammation in DKD.

Emerging evidence suggests that each organ expresses a unique panel
of microRNAs (miRNAs or miRs), and tissue-specific miRNAs play a
key role in physiological and pathological processes.14–17 miRNAs are
endogenously produced small non-coding RNAs that repress specific
target gene expression by post-transcriptional mechanism.18Microar-
ray-based analysis has found several miRNAs that are predominantly
expressed in kidney, such as miR-30a/c/e, miR-192, miR-194, miR-
196a/b, and miR-200.19–21 These miRNAs have been reported to
play important roles in the regulation of kidney inflammation, cell
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injury, fibrogenesis, and epithelial-to-mesenchymal transition
through different pathways.21–24

In the present study, we identified a conserved and kidney-enriched
miRNA, miR-10 (including two members, miR-10a and -10b),
expressed mainly in tubular epithelial cells (TECs) and glomerular
podocytes. Downregulation of miR-10a and -10b expression in the
kidney was observed in both diabetic mice and patients with DKD,
which was negatively correlated with the activation of the NLRP3 in-
flammasome. We also found that miR-10a/b negatively regulated the
NLRP3 signal by targeting the 30 untranslated region (UTR) ofNLRP3
mRNA, alleviating Casp1 cleavage and IL-1b maturation, and atten-
uating cellular inflammation in the diabetic kidney. Given that spe-
cific intervention targeting inflammation in DKD remains scarce,
this discovery may provide a new therapeutic target for inflammation
in the diabetic kidney.

RESULTS
miR-10a and -10b are predominantly expressed in the kidney

Consistent with the previous data from Solexa deep sequencing in
mice,21 miR-10a and -10b were constitutively expressed in the kid-
neys of C57BL/6J mice and humans by in situ hybridization. Never-
theless, less expression was observed in other epithelial organs, such
as lung and liver (Figures 1A–1C).

Quantitative RT-PCR (qRT-PCR) analysis of tissue homogenates
from various mouse organs indicated that miR-10a and -10b were
predominantly expressed in kidney compared with other organs or
tissues (Figure 1D). Expression of miR-10a and -10b were also de-
tected in the homogenates from human kidney, and the relative levels
of miR-10a and -10b were 0.336 and 0.536, respectively, when
normalized to U6 small nucleolar RNA (snoRNA) (Figure 1F).
Furthermore, we isolated total RNA from mouse kidney cell lines
including TECs, podocytes, collecting duct epithelial cells, and me-
sangial cells, and qRT-PCR results showed that miR-10a and -10b
were mainly expressed in the TECs, and to a less extent in podocytes
(Figure 1E). A similar expression pattern was found in human kidney
cell lines (Figure 1G). Fluorescence in situ hybridization (FISH)
demonstrated that miR-10a and -10b localized primarily to the cyto-
plasm of TECs and podocytes (Figure 1H).

Intrarenal miR-10a and -10b are downregulated and negatively

correlated with NLRP3 expression in DKD mice

We evaluated miR-10a and -10b expression in two types of diabetic
models, streptozotocin (STZ)-treated uninephrectomized C57BL/6J
mice with a high-fat diet and db/db mice (Figures 2A–2J). The devel-
opments of kidney injury, characterized by mesangial expansion,
enlargement of glomeruli, and accumulation of CD11b+ macro-
phages, were observed 12 weeks after STZ treatment in C57BL/6J
mice and in aged 18- to 20-week-old db/db mice (Figures 2A, 2B,
and 2E–2H). Renal expression of miR-10a and -10b were significantly
downregulated in both STZ-treated and db/dbmice as compared with
their respective control animals (C57BL/6J and db/+, Figures 2C, 2D,
2I, and 2J). Downregulation of miR-10a and -10b was verified by
qRT-PCR analyses of renal cortex homogenates from STZ-treated
and db/db mice (Figures S1A and S1B). Upregulation of NLRP3
was remarkable in the two types of diabetic kidney and mainly local-
ized in the TECs (Figures 2A, 2B, 2G, and 2H). The enhanced NLRP3
expression in the diabetic kidney was reconfirmed by analyzing the
NLRP3 protein level in the lysate of renal cortex using western blot-
ting (Figures 2K and 2L).

Interestingly, significant negative correlations of miR-10a and -10b
with NLRP3 were found in the tubular area and glomeruli in diabetic
kidneys (Figures 2M–2P), suggesting a possible link of miR-10a and
-10b with activation of NLRP3.

miR-10a/b inhibit the NLRP3 inflammasome in vitro through

targeting the 30 UTR of NLRP3 mRNA

To determine the effect of metabolic stress on the expression of miR-
10a and -10b, human TEC line HK-2 cells and human podocytes
were incubated with various concentrations of glucose or mannitol
(osmolality control) for the indicated time. High glucose, but not
mannitol, markedly downregulated the expression of miR-10a and
-10b in a dose- and time-dependent manner (Figures 3A–3D and
S2A–S2D), suggesting an osmolality-independent effect of high
glucose on miR-10 expression. Downregulation of miR-10a/b
induced by high glucose was not reversed by the inhibitors of intra-
cellular oxidative stress or scavengers of reactive oxygen species
(ROS) (Figures S2E and S2F), suggesting that it was not oxidative
stress-dependent.

High glucose, but not mannitol, increased NLRP3 protein (Figures
S3A–S3D) but not its mRNA expression (Figures S3E–S3H), which
was accompanied by activation of the NLRP3 inflammasome, as man-
ifested by increased cleavage of Casp1 to Casp1 p10 that promoted
cleavage of pro-IL-1b to matured IL-1b (Figures S3A–S3D). Inconsis-
tency between protein and mRNA of NLRP3 indicated a post-tran-
scriptional regulation.

To determine whether miR-10 interacts with NLRP3, we predicted
the potential targets of miR-10a and -10b using a combination of
several software programs, including TargetScan, miRDB, and
miRanda.25–27 Our three software programs consistently predicted
the mRNA of NLRP3, an essential protein upstream of NLRP3 in-
flammasome signaling. The base sequence in the 30 UTR of NLRP3
mRNA is highly conserved between humans and mice, which offer
binding sites for miR-10a and -10b (Figure 3Ea). The seed sequence
(the core sequences encompass the first two to eight bases of the
mature miRNA) of miR-10a and -10b base paired with the 30 UTR
of NLRP3 mRNA with a free energy of �23.2 kcal/mol (for miR-
10a) and �22.1 kcal/mol (for miR-10b) for humans and
�21.1 kcal/mol (for both miR-10a and -10b) for mice (Figures S3I
and S3J).

To validate the binding of miR-10a/b to human NLRP3, the wild-type
30 UTR sequence of NLRP3 (Figure 3Ea) and the mutated one (Fig-
ure 3Eb, red parts) were cloned into luciferase plasmids, respectively.
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Figure 1. miR-10a and -10b are predominantly expressed in the kidney

(A–C) Representative images of in situ hybridization for miR-10a and -10b in epithelial organs from a mouse (A) and human (B) and semi-quantification data (C). Scale bars,

40 mm in (A) and 80 mm in (B). (D) Relative expression of miR-10a and -10b to U6 snoRNA, measured by qRT-PCR in homogenate from various mouse organs. (E) Expression

of miR-10a and -10b in mouse kidney cell lines by qRT-PCR. (F) Relative miR-10a and -10b expression to U6 snoRNA in human kidney. (G) Expression of miR-10a and -10b

in human kidney cell lines by qRT-PCR. (H) Representative image of fluorescence in situ hybridization of miR-10a and -10b in human TECs and podocytes.
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The reporter constructs were co-transfected into TECs or podocytes
with nonsense sequence, miR-10a/b mimic, or antisense sequence
of miR-10a/b, respectively. A luciferase assay showed that overexpres-
sion of miR-10a and -10b by their mimics suppressed luciferase activ-
ity in cells transfected with wild-type 30 UTR of NLRP3, whereas in-
hibition of miR-10a and -10b by their antisense sequences enhanced
2310 Molecular Therapy Vol. 29 No 7 July 2021
luciferase activity (Figures 3F and 3G). Mutation of the seed sequence
of miR-10a or -10b by its complementary sequence abolished the ef-
fect of miR-10a/b on regulating luciferase activity. Moreover, when
the binding site in the 30 UTR of NLRP3 was replaced by its comple-
mentary sequence, miR-10a/b failed to regulate the luciferase activity
(Figures 3F and 3G). These results indicate that the binding site in
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NLPR3 mRNA and the seed sequence of miR-10a/b are both indis-
pensable for their interaction in human TECs and podocytes.

To further validate the role of miR-10a and -10b in regulating NLRP3
inflammasome signaling, we knocked out miR-10a and -10b by
CRISPR-caspase-9 in TECs and human podocytes. qRT-PCR analysis
showed that the expression of miR-10a and -10b in knockout cells was
reduced by 90% of their original levels (Figures S3K and S3L), without
changing NLRP3 mRNA expression (Figures S3M and S3N). Knock-
ing out miR-10a and -10b significantly increased the expression of
NLRP3 and its downstream inflammatory cascade, such as increased
cleavage of Casp1 and IL-1b, in the presence or absence of high glucose
stimulation (Figure 3H). However, ASC protein (apoptosis-associated
speck-like protein containing a CARD), an inflammasome adaptor
protein, was not influenced by miR-10a/b knockout (Figure 3H).

In addition, restoringmiR-10a or -10b in cells knocking outmiR-10a/b
significantly inhibited high glucose-induced activation of the NLRP3
inflammasome, whereas rescuing miR-10a or -10b with a mutated
seed sequence had no effect on glucose-triggered NLRP3 inflamma-
some activation (Figures 3I and 3J).

Modulation of miR-10a/b expression in vivo impacts renal

inflammation in STZ-treated mice

To further validate the effect of miR-10a/b on renal inflammation,
lentivirus harboring the mimic of miR-10a or -10b or its antisense
was injected into the kidney, respectively, at 1 week before STZ treat-
ment. Mice were sacrificed after 12 weeks (Figure 4A). The renal
expression of miR-10a and -10b in mice delivered with miR-10a/b
mimic was increased by 3.6- (miR-10a) and 4.3-fold (miR-10b), while
in mice delivered with antisense, expression of miR-10a and -10b
decreased by 57% (miR-10a) and 49.7% (miR-10b) at 12 weeks,
compared to their lentivirus vector control (Figures S4A–S4C).

Overexpression of miR-10a or -10b via its mimic reversed the STZ-
induced activation of NLRP3 and its downstream cascade (Figures
4B and 4C). In contrast, knocking down miR-10a or -10b by its anti-
sense enhanced activation of the NLRP3 inflammasome (Figures 4D
and 4E). Of note, overexpressing or knocking down miR-10a and
-10b did not influence NLRP3 mRNA expression (Figures S4D
and S4E). As shown in Figures 4F–4J and S4F, overexpression of
miR-10a or -10b before STZ treatment significantly attenuated
STZ-induced NLRP3 expression, macrophage infiltration, pro-in-
flammatory factor expression, mesangial expansion in the diabetic
kidney, and reduced albuminuria. However, knocking down miR-
10a or -10b aggravated renal inflammation, deteriorated the kidney
damage, and increased urinary albumin excretion.
Figure 2. Intrarenal miR-10a and -10b were downregulated and negatively cor

(A–J) Representative graphs of kidney sections with H&E or PASM staining or immunohis

b (C and D) fromSTZ and db/dbmice, and semi-quantification data (E–J). Non-treated C

as controls for db/db mice. Scale bars, 40 mm. (K and L) NLRP3 protein expression in re

NLRP3 expression with miR-10a or -10b in tubules and glomeruli (Glome) from STZ-trea

means ± SEM; n = 6 for each group. A Student’s t test was used for the comparison o
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Apart from improvement in albuminuria in diabetic mice, we
further tested whether miR-10 had an effect on podocyte injury in
STZ-treated mice. Kidney samples were collected at 12 weeks after
STZ treatment. Expression of the podocyte-associated molecule po-
docin and the number of apoptotic cells in glomeruli were analyzed
in kidney tissue. As shown in Figures S4G and S4H, overexpressing
miR-10a/b attenuated, whereas knocking down miR-10a/b
augmented, podocyte injury and glomerular cell apoptosis in STZ-
treated mice.

To evaluate the effects of sustained inflammation on fibrosis, we
examined the levels of extracellular matrix deposition in kidney
from STZ-treated mice at 12 weeks. Overexpressing miR-10 or -10b
decreased extracellular matrix deposition, whereas knocking down
miR-10a or -10b enhanced kidney fibrosis (Figures S4I and S4J).

Flow cytometry analysis indicated that renal accumulation of im-
mune cells, including total leukocytes (CD45+), macrophages
(CD11c+), T cells (CD3+), helper T cells (CD3+/CD4+), and killer
T cells (CD3+/CD8+), was significantly decreased in miR-10a or
-10b overexpressed mice, but increased in those with knockdown of
miR-10a or -10b (Figure 4K).

Restoring miR-10a/b in the diabetic kidney attenuates

inflammation by targeting the NLRP3 inflammasome

To determine whether restoring miR-10a/b in the diabetic kidney
could inhibit the NLRP3 inflammasome and thus attenuate renal
inflammation in DKD, lentivirus harboring miR-10a or -10b or
nonsense sequence mimics (negative control mimics) was injected
into the kidneys 6 weeks after STZ treatment. The animals were
sacrificed at 12 weeks after STZ administration (Figure 5A).
Delivered miR-10a or -10b was equally distributed in the kidneys
(Figure S5A) and restored renal miR-10a/b to the levels that were
comparable to the control animals (Figures S5A and S5B). Restora-
tion of miR-10a or -10b remarkably inhibited activation of the
NLRP3 signal cascade but not the NLRP3 mRNA level (Figures
5B–5E and S5C), attenuated cellular inflammation (Figures 5D
and 5F) and mesangial expansion (Figures 5D and 5G) in the dia-
betic kidney, and improved albuminuria (Figure 5H). There was
no significant difference in the effect of delivering miR-10a and
-10b on DKD.

As shown in flow cytometry analysis (Figures 5I and 5J), rescue of
miR-10a or -10b alleviated the accumulation of immune cells,
including total leukocytes (CD45+), macrophages (CD11c+), T cells
(CD3+), helper T cells (CD3+/CD4+), and killer T cells (CD3+/
CD8+) in STZ-treated diabetic mice.
related with NLRP3 expression in DKD mice

tochemical staining for NLRP3 or CD11b (A and B), in situ hybridization for miR-10a/

57BL/6Jmice were used as controls for STZ-treatedmice, and db/+mice were used

nal cortex homogenate from STZ-treated (K) or db/db mice (L). (M–P) Correlations of

ted mice (n = 18) (M and N) or db/db mice (n = 12) (O and P). Data are expressed as

f two groups. **p < 0.01.



Figure 3. miR-10a/b inhibited the NLRP3 inflammasome in vitro through targeting the 30 UTR of NLRP3 mRNA

(A–D) Expression of miR-10a and -10b in human tubular epithelial cells (TECs) (A and B) or podocytes (C and D) incubated with various concentrations of glucose or mannitol.

(E) Putative conserved binding site of NLRP3 with miR-10a/b and seed sequence of miR-10a/b (Ea), and the mutated 30 UTR and mutated miR-10a/b (Eb). (F and G)

Luciferase activity in TECs (F) or human podocytes (G) transfected with constructed plasmids. (H) Western blot for the NLRP3 inflammasome in miR-10a and -10b knockout

(KO) TECs or podocytes in the presence or absence of 2 5mM glucose. (I and J) Restoring miR-10 with its mimic in cells knocking out miR-10 inhibited high glucose-induced

NLRP3 inflammasome activation, while rescuing miR-10a or -10b with a mutated seed sequence (Mut) had no effect on glucose-triggered NLRP3 activation. Data are

expressed as means ± SEM of three independent experiments. ANOVA was used for comparison among multiple groups. *p < 0.05, **p < 0.01.

www.moleculartherapy.org
As previously reported,28 db/db mice developed mesangial expansion
and albuminuria at the age of 6–8 weeks. Overexpression of miR-10a
or -10b at 8 weeks of age inhibited the NLRP3 signal with intact
NLRP3 mRNA (Figures 5K, 5L, and S5E) and cellular inflammation
(Figures 5M and S5F–S5H) in the kidney, and it mitigated albumin-
uria in 18-week-old db/db mice (Figure 5N). These results suggest
that targeting the NLRP3 inflammasome by miR-10a/b inhibits kid-
ney inflammation in DKD.
Molecular Therapy Vol. 29 No 7 July 2021 2313
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Figure 4. Modulation of miR-10a/b expression in vivo impacted renal inflammation in STZ-treated mice

(A) Schematic diagram of the experimental procedure. (B and C) Activation of the NLRP3 inflammasome cascade in kidney was inhibited by overexpression of miR-10a or

-10b through injecting lentivirus harboring mimic. Western blotting analysis (B) and quantification data (C) are presented. (D and E) Knocking down miR-10a or -10b by

antisense-enhanced NLRP3 inflammasome activation in kidney. Western blotting analysis (D) and quantification data (E) are shown. (F–I) Representative immunohisto-

chemical staining of NLRP3 and CD11b and PASM staining in kidney sections (F), and quantification data (G–I). Scale bar, 40 mm. (J) Urinary albumin excretion. (K) Flow

cytometry analysis for CD45-, CD11c-, CD3-, CD3/CD4-, and CD3/CD8-positive cells in single kidney cell suspensions. Data are expressed as means ± SEM; n = 6 for each

group. ANOVA was used for comparison among multiple groups. *p < 0.05, **p < 0.01.
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Intrarenal miR-10a/b are downregulated and negatively

correlate with renal inflammation in patients with DKD

To evaluate the role of miR-10a/b in the pathogenesis of humanDKD,
we conducted a cross-sectional analysis for the association of miR-
10a/b expression and the NLRP3 inflammasome in a cohort of 27 pa-
tients with biopsy-proven DKD. Characteristics of patients at the time
2314 Molecular Therapy Vol. 29 No 7 July 2021
of biopsy are shown in Table S1. In situ hybridization showed that
normal human kidney (tissue adjacent to renal carcinoma) constitu-
tively expressed miR-10a and -10b. Expression levels of miR-10a and
-10b were clearly downregulated in renal biopsy samples from pa-
tients with DKD and accompanied by activation of NLRP3 and accu-
mulation of CD11b+ macrophages (Figures 6A–6E). Partial
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correlation analysis showed negative correlations between renal
expression of miR-10a/b and NLRP3 or macrophage accumulation
after adjusting the confounders such as mean arterial blood pressure
and urinary protein excretion; furthermore, miR-10a/b expression
was negatively correlated with urinary protein excretion in patients
with DKD (Figures 6F–6K).

DISCUSSION
DKD is considered an inflammatory disease. Emerging evidence
demonstrates that inflammasome activation plays a critical role in
the pathogenesis of DKD. In this study, we found that kidney-en-
riched miR-10a and -10b were downregulated in animal and human
DKD. miR-10a/b functioned as the negative regulators of the NLRP3
inflammasome through targeting the 30 UTR of NLRP3 mRNA, in-
hibiting assembly of the NLRP3 inflammasome and decreasing
Casp1-dependent release of pro-inflammatory cytokines. Restoring
miR-10a and -10b in the diabetic kidney significantly inhibited acti-
vation of the NLRP3 pathway and attenuated kidney inflammation
in both db/db and STZ-induced DKDmice. These results may suggest
a novel intervention for kidney inflammation by targeting the NLRP3
inflammasome in DKD.

Tissue-specific miRNAs are essential for maintaining normal physio-
logical functions. In our study, miR-10a/b were expressed in the
epidermal organs, predominantly in kidney glomerular podocytes
and TECs. The distribution and function of miR-10a and -10b are
indistinguishable. miR-10a and -10b belong to the miR-10 family
with only one nucleotide difference in the non-seed sequence.26,27

High similarity in the sequence indicates that miR-10a and -10b
may play a similar role in physiological and pathological processes.

Consistent with previous studies,23,29 we found that expression levels
of miR-10a and -10b are significantly downregulated in diabetic kid-
ney. The levels of miR-10a and -10b negatively correlate with the in-
flammatory response in the diabetic kidney, suggesting that they may
be involved in regulation of kidney inflammation in DKD. The mech-
anisms underlying the decrease in miR-10a and -10b expression
remain to be studied. Our in vitro study showed that reduced miR-
10a and -10b by high glucose could not be reversed by antioxidants,
suggesting that alteration in miR-10a and -10b expression may not be
attributed to cellular oxidative stress.

An important finding in our study is that miR-10a/b negatively regu-
lated the NLRP3 inflammasome in the diabetic kidney. The NLRP3
inflammasome has a critical role in the pathogenesis of DKD.11,12
Figure 5. Restoring miR-10a/b in diabetic kidney attenuated renal inflammatio

(A) Schematic diagram of the experimental procedure. (B and C) Activation of the NLR

mimic in STZ-treated mice. Western blotting analysis (B) and quantification data (C) are

and PASM staining in kidney sections (D) and quantification data (E–G). Scale bar, 40 mm

for CD45-, CD11c-, CD3-, CD3/CD4-, and CD3/CD8-positive cells in single-cell suspe

Activation of the NLRP3 inflammasome cascade in kidney was attenuated by restoring m

data (L) are shown. (M) Flow cytometry analysis for immune cells in single-cell suspensi

expressed as means ± SEM; n = 6 for each group. ANOVA was used for comparison
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The expression of markers of NLRP3 inflammasome activation,
such as Casp1 and IL-1 in kidney biopsy samples, was significantly
increased and positively associated with the severity of albumin-
uria.13,30 Although several molecules, including miR-2231 and miR-
223,32,33 have been reported to regulate the activation of NLRP3, there
remains a large gap in understanding the key regulators.10 In this
study, we provided several lines of evidence demonstrating that
miR-10a and -10b were negative regulators for activation of the
NLRP3 inflammasome. miR-10a/b, through their complementary se-
quences, interacted with the 30 UTR of NLRP3 and inhibited NLRP3
mRNA translation at the post-transcriptional level. Supporting this
notion, delivery of miR-10a/b to mouse kidney before STZ treatment
prevented NLRP3 inflammasome activation and kidney inflamma-
tion and improved albuminuria in STZ-induced diabetic mice.
Conversely, knocking down miR-10a/b upregulated the expression
of markers of NLRP3 inflammasome activation. Furthermore, resto-
ration of miR-10a/b expression in established DKD also significantly
ameliorated kidney inflammation and albuminuria in db/db and
STZ-treated mice. We also detected a close correlation of miR-10a/
b with NLRP3 expression and macrophage infiltration in biopsy sam-
ples from a cohort of patients with biopsy-proven DKD. These data
suggest that hyperglycemia-induced downregulation of miR-10a/b
may enhance NLRP3 inflammasome activation and increase inflam-
matory cytokine release in renal resident cells, such as TECs and
podocytes, resulting in macrophage accumulation and kidney dam-
age. Consistent with previous reports,34–36 we found that expression
of other proinflammatory factors, such as tumor necrosis factor
(TNF)-a and IL-6, increased in the diabetic kidney. Modulating
miR-10a/b expression influenced activation of these cytokines,
supporting the observation that upregulation of IL-1b increases acti-
vation of TNF a and IL-6.37,38 Interestingly, we found that in addition
to regulating activation of IL-1b, miR-10 also regulated podocyte
injury and glomerular cell apoptosis in the diabetic kidney. These
data suggest that targeting NLRP3 might be a key strategy for treat-
ment of DKD.

There are limitations to this study. We were not able to investigate the
role of miR-10a/b in conditional knockout or NLRP3-deficient mice,
which may yield more convincing evidence. Moreover, the mecha-
nism underlying downregulation of miR-10a/b by high glucose re-
mains to be illustrated in further studies.

In conclusion, our study identified kidney-enriched miR-10a/b that
function as endogenous inhibitors of the NLRP3 inflammasome
and regulate kidney inflammation in DKD. These findings provide
n by targeting the NLRP3 inflammasome

P3 inflammasome cascade in kidney was attenuated by restoring miR-10a or -10b

shown. (D–G) Representative images of NLRP3 and CD11b immunohistochemical

. (H) Urinary albumin excretion in STZ-treated mice. (I and J) Flow cytometry analysis

nsions of kidney from STZ-treated mice (I), and the quantification data (J). (K and L)

iR-10a or -10b mimic in db/db mice. Western blotting analysis (K) and quantification

ons of kidney from db/db mice. (N) Changes in albuminuria in db/db mice. Data are

among multiple groups. *p < 0.05, **p < 0.01.



Figure 6. Intrarenal miR-10a/b downregulated and was negatively correlated with renal inflammation in patients with DKD

(A–E) Representative images of in situ hybridization for miR-10a/b and immunohistochemistry for NLRP3 and CD11b in renal biopsy samples from patients with DKD (A) and

quantification data (n = 6 for control, n = 27 for patients with DKD) (B–E). (F and G) Partial correlation analysis for association between renal miR-10a with NLRP3 expression

(F) or accumulation of CD11b+ cells (G) after adjusting the confounders, including mean arterial pressure and urinary protein excretion. (H) Correlation between miR-10a

expression and proteinuria. (I and J) Partial correlation analysis for association between renal miR-10b with NLRP3 expression (I) and accumulation of CD11b+ cells (J) after

adjusting the confounders, including mean arterial pressure and urinary protein excretion. (K) Correlation between miR-10b and proteinuria. Data are expressed as means ±

SEM. **p < 0.01.
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novel insights into understanding kidney sterile inflammation in
diabetes. Our results suggest a new therapeutic target for halting
the most damaging process in DKD.

MATERIALS AND METHODS
Experimental design

The objective of this study was to identify and evaluate whether
kidney-enriched miRNAs regulate renal inflammation and are poten-
tially suitable as a therapeutic target for DKD. Using in situ hybridiza-
tion and qRT-PCR, we showed that miR-10a and -10b were enriched
in kidney, predominantly in glomerular podocytes and TECs.

To examine the regulative effect of miR-10a/b on kidney inflamma-
tion in DKD, knocking out and restoration of miR-10a/b were per-
formed in human podocytes and TECs in the absence or presence of
high-glucose stimulation in vitro, and luciferase assay was conduct-
ed to determine the interaction between the 30 UTR of NLRP3
mRNA and the seed sequence of miR-10a/b predicted by bioinfor-
matics. To validate the role of miR-10a/b in vivo, loss- and gain-of-
function experiments were performed in DKD mice, including
uninephrectomized STZ-treated mice feeding with a high-fat diet
and db/db mice, before or after onset of DKD. To evaluate kidney
inflammation, renal expression of NLRP3 and its downstream
cascade was analyzed by western blot and immunohistochemistry
staining, the accumulation of macrophages and T cells was quanti-
fied by flow cytometry, and the expression of proinflammatory
cytokines was analyzed by western blot and immunohistochemistry
studies. Kidney damage in DKD was shown by histopathological
analysis and the functional phenotype represented by urinary
albumin excretion rate.

To evaluate the role of miR-10a/b in the pathogenesis of humanDKD,
we conducted a cross-sectional analysis for the association of miR-
10a/b expression and kidney inflammation in a cohort of 27 patients
with biopsy-proven DKD. The correlations between miR-10a/b with
NLRP3 expression and macrophage infiltration in the kidney biopsy
samples were analyzed and adjusted by the confounders with partial
correlation analysis.

Cell culture

The human podocytes were cultured under permissive condition in
RPMI 1640 media (11 mmol/L glucose, Life Technologies, Grand Is-
land, NY, USA) containing 10% fetal bovine serum (FBS), 0.1% anti-
biotic/antimycotic solution, and Insulin-Transferrin-Selenium-Etha-
nolamine solution (ITS) (Life Technologies) at 33�C in an incubator
with 5% CO2. When cells reached 70% confluence, they were
Molecular Therapy Vol. 29 No 7 July 2021 2317
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thermoswitched to 37�C for another 8 days to induce differentiation.
The human renal TECs (HK2) were maintained in DMEM/low-
glucose (5.5 mmol/L) medium (Life Technologies) with 10% FBS
and antibiotics at 37�C in a 5% CO2 incubator.

Animal model

STZ-induced DKD

Male C57BL/6J mice at 6–8 weeks of age (body weight of 20–25 g)
were used to generate a high-fat diet and STZ-induced DKD model
as previously described.39 Briefly, uninephrectomized mice were
fasted for 4 h followed by intraperitoneal STZ injection (50 mg/kg)
for 5 consecutive days. Blood glucose levels were monitored 1 week
after the last STZ injection, and mice with fasting blood glucose levels
>15 mmol/L were considered diabetic. Mice were feed with a high-fat
diet containing 60% fat (Guangdong Medical Animal Center,
Guangzhou, China) with unrestricted access to food/water for
12 weeks. The kidneys were harvested 12 weeks after STZ injection.
The animal study protocol was approved by Institutional Animal
Care and Use Committee at Nanfang Hospital.

db/db mice

db/db (leptin receptor db/db) mice at age of 8 weeks were obtained
from the Model Animal Research Center of Nanjing University
(Nanjing, China). Age-matched nondiabetic db/m mice (C56BL/6J
background) were used as a control.

Human subjects

Renal biopsy samples from 27 patients with biopsy-proven DKD was
analyzed. Diagnosis of DKD was confirmed by both kidney histological
and scanning electron microscopy examination. Kidney samples from
patients who received nephrectomy for solitary renal carcinoma and
without diabetes or kidney disease were used as controls. Clinical data
were obtained frommedical records at the time of biopsy. The use of tis-
sue samples was approved by the Institutional Review Board of the Na-
tional Clinical Research Center for Kidney Disease of Nanfang Hospital.
All of the study participants provided written informed consent.

Gene analysis

Gene delivery

For animal studies, 1 week before or 6 weeks after STZ injection, re-
combinant lentivirus vectors pGLV-harboring miR-10a or -10b
mimic, or their antisense or nonsense sequence (GenePharma,
Shanghai), were delivered into mouse kidney as previously
described.39 Briefly, 100 mL (105 transducing units [TU]/mL) of lenti-
virus was injected into the temporary obstructed kidney by using a
31G needle syringe in anesthetized mice. The needle was inserted
from the lower pole to the upper pole of the kidney, and lentivirus so-
lution was injected when the needle was slowly withdrawn. To
monitor lentivirus distribution in the kidney, pGLV-expressing
GFP (GenePharma, Shanghai) was used as the tracer.

For cell transient transfection, synthetic miR-10a or -10b mimic
(GenePharma, Shanghai) was introduced into the cells by Lipofect-
amine 3000 (Invitrogen) following the manufacturer’s instructions.
2318 Molecular Therapy Vol. 29 No 7 July 2021
Gene knockout in cells

Knocking out miR-10a and -10b in cultured cells was performed
by CRISPR-Cas9. Small guide RNAs (sgRNAs) targeting the genome
sequence of miR-10a and -10b were cloned into MCS-EF1a-Cas9-
FLAG-P2A-puro vector. The sgRNA sequences targeting miR-10a
were as follows: sgRNA 10a-1, 50-GTGGTCACAAATTCGTAT
CT-30; 10a-2, 50-TTACACAAATTCGGATCTAC-30. The sgRNA
sequences targeting miR-10b were as follows: sgRNA 10b-1, 50-CCA
CACAAATTCGGTTCTAC-30; 10b-2, 50-ATAGTCACAGATTC
GATTCT-30. The lentivirus harboring sgRNA and Cas9 were
customized by GeneChem (Shanghai, China) and applied to trans-
fected human podocytes and HK2 cells according to the manufac-
turer’s instructions.

Luciferase

To determine the interaction between miR-10a/b and NLRP3mRNA,
the full-length 30 UTR of NLRP3 was amplified via PCR with human
genomic DNA as the template and inserted downstream of the pGL3
promotor (Promega), referred to as WT. Binding site of the seed
sequence for miR-10a/b was mutated from CAGGGUG into GUCC-
CAU. The resulting constructs were co-transfected with miR-10a/b
mimic or miR-10a/b antisense, nonsense RNA without a binding
site in the host cells into human podocytes or HK2 cells using Lipo-
fectamine 3000. 24 h after transfection, cell lysates were subjected to
luciferase assay with a Dual-Luciferase reporter assay system (Prom-
ega). Luciferase activity was normalized to Renilla luciferase activity
(Promega).
miR-10a/b expression

In situ hybridization in kidney

In situ hybridization for miR-10a and -10b was performed with
double digoxigenin-labeled locked nucleic acid (LNA) miRCURY
probes (Exiqon, Woburn, MA, USA). U6 was served as the posi-
tive control whereas a scrambled probe was conducted as negative
control. Paraffin-embedded tissue was cut into 5-mm-thick sec-
tions and incubated with indicated probes at 54�C for 2 h. An
anti-digoxigenin antibody conjugated with alkaline phosphatase
(Roche) was used, followed by color development with
nitroblue tetrazolium (NBT)/5-bromo-4-chloro-3-indolyl phos-
phate (BCIP) (Roche) as substrates. Sections were counterstained
with fast red. After mounting, the miR-10a and miR-10b
expression levels were visualized under phase-contrast micro-
scopy. Positive staining area were quantified with Image-Pro
plus 6.0 software.

Quantitative real-time RT-PCR

Total RNAwas isolated from tissues or cells using TRIzol reagent (In-
vitrogen, Carlsbad, CA, USA), according to the manufacturer’s in-
structions. A MystiCq miRNA qPCR assay (Sigma-Aldrich, St. Louis,
MO, USA) was used to quantify miR-10a/b expression according to
the manufacturer’s instructions, and U6 was used as the internal con-
trol. For relative miRNA expression, miR-10a/b expression was calcu-
lated as 2�

OCT (OCT = CTmiR � CTU6).
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Histology, immunohistochemistry, immunofluorescence, and

TUNEL staining

For histology, kidney tissue was embedded in paraffin and cut into 1-
to 2-mm-thick sections for hematoxylin and eosin (H&E) and peri-
odic acid-silver methenamine (PASM) staining. Mesangial index
was calculated as the ratio of mesangial area to glomerular tuft area
by Image-Pro plus 6.0 software.

For immunohistochemistry and immunofluorescence, 6-mm-thick
sections for mice and 5-mm-thick sections for humans were used,
respectively. After antigen retrieval and blocking, primary anti-
bodies against NLRP3 (Abcam, Cambridge, UK), CD11b (Abcam),
a-smooth muscle actin (a-SMA) (Sigma-Aldrich), fibronectin
(Sigma-Aldrich), and podocin (Sigma-Aldrich) were incubated at
4�C overnight. Staining was developed with diaminobenzidine
(DAB) and counterstained with hematoxylin for immunohisto-
chemistry and with DAPI for immunofluorescence, respectively.
Positive staining areas were quantified with Image-Pro plus 6.0
software.

Cellular apoptosis was evaluated by using a TUNEL (terminal deox-
ynucleotidyl transferase-mediated deoxyuridine triphosphate nick
end labeling) apoptosis detection system (Promega), and nuclei
were counterstained with DAPI.

Semi-quantification of histological and immunohistochemical stain-
ing was performed by two pathologists independently in a blinded
manner.

Expression of inflammatory mediators

Flow cytometry

Kidney tissue was minced with fine scissors and digested with colla-
genase IV for 40 min at 37�C with intermittent agitation to prepare
single-cell suspensions. Cell suspensions were passed through a 70-
mm cell strainer and blocked with FBS. The antibodies used for
flow cytometry were purchased from BD Biosciences (San Jose, CA,
USA): anti-CD3e-fluorescein isothiocyanate (FITC) (145-2C11),
anti-CD4-phycoerythrin (PE) (GK1.5), anti-CD8A-peridinin chloro-
phyll protein (PerCP)-Cy5.5 (53-6.7), anti-CD45-FITC (30-F11), and
anti-CD11c-PE (HL3). The cell suspensions were then immediately
analyzed on a flow cytometer (Becton Dickinson, CA, USA). Data
analysis was performed using FlowJo software (Tree Star, San Carlos,
CA, USA).

Western blotting

Tissue or cell lysates were prepared with radioimmunoprecipitation
assay buffer containing protease inhibitor cocktail (Roche, Indianap-
olis, IN, USA). The blots were incubated with primary antibody
against NLRP3 (Abcam, Cambridge, UK), Casp1 (Abcam), IL-1b
(Santa Cruz Biotechnology, Santa Cruz, CA, USA), ASC (Sigma-Al-
drich), and GAPDH (Santa Cruz Biotechnology). The protein expres-
sion of NLRP3 was normalized to GAPDH. Expression of Casp1 p10
and mature IL-1b protein was normalized to their proform,
respectively.
Quantitative real-time RT-PCR

The expression levels of mRNA were determined by quantitative real-
time RT-PCR using a SYBR Premix Ex Taq kit (Takara Bio, Japan)
on a 7500 fast real-time PCR System (Applied Biosystems, CA, USA).
All reactions were performed in triplicate. The sequences of specific
primers were as follows: human NLRP3, 50-TGAAGAAAGAT
TACCGTAAGAAGTACAGA-30, 50-GCGTTTGTTGAGGCTCACA
CT-30; mouse NLRP3, 50-AGAGCCTACAGTTGGGTGAAATG-30,
50-CCACGCCTACCAGGAAATCTC-30; IL-1b, 50-TGCCACCTTTT-
GACAGTGATG-30, 50-TGATGTGCTGCTGCGAGATT-30; IL-6, 50-
GTCCTTCCTACCCCAATTTCCA-30, 50-CGCACTAGGTTTGCCG
AGTA-30; TNF-a, 50-GATCGGTCCCCAAAGGGATG-30, 50-GTGG
TTTGTGAGTGTGAGGGT-30.

Urinary albumin excretion

24-h urine from each mouse was collected with a metabolic cage. Uri-
nary albumin levels were measured with an albumin ELISA kit
(Bethyl Laboratories, Montgomery, TX, USA) according to the man-
ufacturer’s instructions. Urine albumin excretion was calculated by
albumin concentration multiplied by 24-h urine volume.

Statistical analysis

All values are presented as the mean ± SEM, unless otherwise indi-
cated. Differences between groups were analyzed using an unpaired
Student’s t test (for comparison between two samples) or analysis
of variance (ANOVA) (for multiple comparisons). Statistical calcula-
tions were performed using GraphPad Prism version 6.0 (GraphPad,
San Diego, CA, USA). Statistical significance was accepted at p <0.05;
symbols are explained in the figure legends. For each experiment, n is
indicated in the figure legend and refers to biological replicates.
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