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MicroRNA-10a/b inhibit TGF-b/Smad-induced renal
fibrosis by targeting TGF-b receptor 1
in diabetic kidney disease
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TGF-b/Smad signaling plays a vital role in the development of
fibrosis in diabetic kidney disease (DKD). However, remedies
targeting key elements in TGF-b/Smad signaling are lacking.
Here, we found that TGF-b receptor 1 (TGFBR1), a key protein
in TGF-b/Smad signaling, was upregulated in kidney from dia-
betic mice and patients with DKD. Induction of TGFBR1 was
regulated by microRNA-10a and -10b (miR-10a/b) by a post-
transcriptional mechanism. Furthermore, the decreased
XRN2, an exoribonuclease, was identified to contribute to
affecting miR-10a/b maturation in vitro. In streptozotocin
(STZ)-induced DKD mice, preventing the reduction of miR-
10a/b in the kidney by an in situ lentivirus-injection method
attenuated collagen deposition and foot process effacement,
whereas deprivation of miR-10a/b aggravated renal fibrosis.
Mechanistically, manipulating miR-10a/b in the kidney influ-
enced TGFBR1 protein expression, TGF-b/Smad signaling
activation, and downstream pro-fibrotic genes expression
including fibronectin (FN) and a-smooth muscle actin
(a-SMA). In a cohort of patients diagnosed DKD, renal miR-
10a/b expressions were downregulated, whereas both
TGFBR1 and fibrosis were enhanced. Our finding suggests
that overexpressing miR-10a/b in kidney may be a promising
method for the treatment of fibrosis in DKD.
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INTRODUCTION
Diabetic kidney disease (DKD) is a highly prevalent complication of
diabetes mellitus, contributing to the morbidity and mortality of pa-
tients with diabetes. More than 40% of diabetic patients progress into
DKD, making DKD the most common cause of end-stage renal dis-
ease (ESRD), imposing an enormous financial burden on the patient’s
family and on society. However, mechanisms underlying DKD are
incompletely understood.1–3 Clinically, DKD is a major microvas-
cular complication of diabetes, with pathologic features including
loss of podocytes, thickening of the glomerular basement membrane,
and matrix expansion, resulting in glomerulosclerosis.4–7 As for the
tubular portion, recent studies showed that tubular injury in diabetic
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kidney occurs earlier than glomerular damage,8–10 indicating that
both tubular and glomerular cells participate in the progression of
DKD. Thus, it is crucial to identify a novel therapy targeting renal
injury in both glomerular and tubular cells in DKD.

Renal fibrosis, one of the cardinal histological features of DKD, has
been associated with transforming growth factor b (TGF-b)/Smad
signaling.11–15 Under diabetic conditions, high glucose and its
metabolites stimulate TGF-b1 expression.16,17 TGF-b1 initiates its
profibrotic role by binding with TGF-b receptor 2 (TGFBR2), which
activates TGFBR1,18 leading to the recruitment of Smad2/3.19,20

Then, the activated Smad2/3 complex translocates into the nucleus,
where it helps to transcribe downstream genes such as fibronectin
(FN), a-smooth muscle actin (a-SMA), and Snail.21–23 The accumu-
lation of FN and a-SMA proteins in the glomerular and tubulointer-
stitial portion leads to glomerulosclerosis and tubulointerstitial
fibrosis, respectively. Blocking TGF-b/Smad signaling has been re-
ported to be effective for preventing the progression of DKD, proven
by improved foot process effacement, alleviated renal hypertrophy,
and decreased albuminuria.24,25 However, there remains a large gap
in understanding the mechanism underlying the key event in TGF-
b/Smad activation.

We previously reported that kidney-enriched microRNA-10a and
-10b (miR-10a/b) were downregulated in high-glucose-stressed
glomerular podocytes and tubular epithelial cells and in kidneys
from DKD mice and patients, contributing to kidney inflammation
through targeting and upregulating the NLRP3 inflammasome.26 Sus-
tained inflammation often results in fibrosis. Results from other
uthors.
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Increase of TGFBR1 protein in mouse kidney after DKD-induced renal fibrosis

(A) Representative images of Masson’s trichrome staining and immunohistochemical staining of TGFBR1 protein (TGFBR1) in kidney sections from STZ-treated mice. Mice

receiving citrate solution were used as control (Ctrl). Scale bar, 40 mm.

(B) Semi-quantification of TGFBR1 protein in (A).

(C and D) Western blot for TGFBR1, a-SMA, and FN proteins in cortex of kidney from STZ-treated or Ctrl mice (C), and quantification data (D).

(E) TGFBR1 mRNA expression by quantitative real-time PCR in kidney from STZ-treated mice.

Data were expressed as means ± SEM, n = 6 for each group. Student’s t test was used for the comparison of two groups. *p < 0.05, **p < 0.01.
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groups have demonstrated that in the lung tissue, declined miR-10a is
associated with pulmonary fibrosis,27 making it possible that miR-10
also serves as a mediator for the fibrosis process in the kidney.

In this study, we found that the expression of miR-10a/b decreased
with TGFBR1 protein increased in the kidney from both DKD mice
and patients diagnosed DKD. In addition to the NLRP3-mediated
inflammation pathway, the TGFBR1-mediated TGF-b/Smad
pathway was also controlled by depleted miR-10. Both pathways in-
fluence renal fibrosis by regulating profibrotic genes and collagen
deposition. Mechanistically, miR-10a/b exerted anti-fibrotic effect
by binding to 30 UTR of TGFBR1 mRNA. Depleted miR-10a/b lost
control of TGFBR1 expression, which led to an increased amount
of phosphorylated Smad3 entering the nucleus, accelerating profi-
brotic gene transcription. Reimbursing miR-10a/b ameliorated renal
fibrosis, podocyte foot process effacement in DKD mice. Thus, our
study provided a potent upstream therapeutic target for slowing the
progression of fibrosis by inhibiting both TGFBR1 and inflammation
pathways.
RESULTS
TGFBR1 protein is induced in kidney from DKD mice

Uninephrectomized mice receiving 5 consecutive intraperitoneal
streptozotocin (STZ) injections with a high-fat diet for 12 weeks
developed albuminuria, glucosuria (Figures S1A and S1B), mesangial
expansion, and renal fibrosis.28 Masson’s trichrome staining and
immunohistochemical staining for TGFBR1 were employed to reveal
the induction of collagen deposition and TGFBR1 protein in the kid-
ney from DKD mice compared with the normal control (Figures 1A
and 1B). Western blots for FN and a-SMA confirmed the extracel-
lular-matrix-protein accumulation in the diabetic kidney
(Figures 1C and 1D). In parallel, TGFBR1 protein, the key component
in TGF-b/Smad signaling, increased in the cortex of the kidney from
DKD mice (Figures 1A–1D). However, TGFBR1 mRNA was not
altered (Figure 1E). Since both the glomerular and tubular regions
were observed to be with TGFBR1 expression in the diabetic kidney,
we selected cultured human podocytes and tubular cells to validate
whether high glucose triggers TGFBR1 protein expression in vitro.
Podocytes or tubular cells were treated with glucose at various con-
centrations for different numbers of hours. Equivalent mannitol
was used as an osmotic control. Results showed that high glucose
induced TGFBR1 protein expression in a time- and dose-dependent
manner, with no significant alteration in TGFBR1 mRNA
(Figures S2A–S2J), indicating post-transcriptional mechanisms in
regulating TGFBR1 protein expression.
TGFBR1 mRNA is a common target of miR-10a/b in vitro

It is acknowledged that DKD is characterized by inflammation and
that sustained inflammation contributes to renal fibrosis.29 We previ-
ously reported26 that the NLRP3 inflammasome is activated in dia-
betic kidney and is negatively regulated by the kidney-enriched
miR-10a/b. Overexpressing miR-10a/b reversed inflammation and
renal fibrosis by suppressing NLRP3. Since the profibrotic role of
TGFBR1 is also widely studied in other contexts, it became a doubt
as to whether TGFBR1 is another independent contributor to renal
fibrosis, alongside NLRP3, in DKD.

To strip the effect of NLRP3, small interfering RNA (siRNA) was used
to suppress the elevation of NLRP3 expression (Figure S3A), and
25 mM high glucose was used to imitate hyperglycemia in diabetic
mice. TGFBR1 was constantly upregulated after high-glucose stimu-
lation regardless of NLRP3 expression, indicating that NLRP3 did not
have a regulatory role over TGFBR1 (Figures 2A–2E). Expressions of
the downstream profibrotic proteins as well as the collagen genes were
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partially affected by siNLRP3, but they were still increased signifi-
cantly when treated with high glucose in podocytes (Figures 2A–
2C) and tubular cells (Figures 2D–2F). These results coincide with
previous findings that NLRP3 induces renal fibrosis by promoting
inflammation30 and imply the profibrotic role of TGFBR1 in tubular
cells as well as in podocytes. Interestingly, when cells were treated
with siNLRP3 and miR-10 simultaneously (Figures S3B–S3E), miR-
10a/b could not further lower the NLPR3 expression, possibly due
to its relatively low efficiency. However, TGFBR1 expression was
decreased dramatically under the miR-10a or -10b treatment. It is
also noted that the same trend was observed for FN, a-SMA, and
collagen genes (Figures 2A–2F). In this case, we started to investigate
whether miR-10 modulates TGFBR1 expression.

By using TargetScan and RNAhybrid,31,32 we found the binding sites
for miR-10a/b in the 30 UTR of TGFBR1 mRNA. A schematic dia-
gram showed the species-conserved binding site within the 30-UTR
of TGFBR1 mRNA with free energies of -21.4 and -22.2 kcal/mol
for miR-10a and -10b, respectively (Figure 2G). Next, the full-length
30 UTR (wild type) or binding-site-mutated 30 UTR (Mutated) of
TGFBR1 was cloned into the luciferase-expressing plasmid. We
then cotransfected luciferase plasmid and miR-10a/b mimic or anti-
sense into podocytes or tubular cells. The results showed that overex-
pressing miR-10a/b decreased, whereas knocking down miR-10a/b
increased, the luciferase activity (Figures 2H, 2L, and S3F–S3I).
Once the putative binding sites for miR-10a/b were mutated, miR-
10a/b could no longer affect luciferase activity, indicating that the pu-
tative binding sites within 30 UTR of TGFBR1 mRNA offered a target
for miR-10a/b (Figures 2H and 2L).

To evaluate whether manipulating miR-10a/b expression resulted in
the alteration in TGFBR1 protein and, subsequently, the downstream
genes of TGF-b/Smad signaling, we transfected podocytes
(Figures 2I–2K) and tubular cells (Figures 2M–2O) with miR-10a/b
mimic or antisense, and a nucleotide sequence without binding sites
in cells were used as negative control (referred to as NC mimic, 10a
Figure 2. TGFBR1 is a direct target of miR-10a/b

(A–C) Representative immunoblotting images and quantification data of NLRP3, TGFBR

brotic gene expression (C) in podocytes transfected with miR-10a or -10b mimic after kn

used as high-glucose (HG) stimulation, podocytes treated without high glucose. siRNA

(D–F) Representative immunoblotting images and quantification data of NLRP3, TGFBR

brotic gene expression (F) in tubular cells transfected with miR-10a or -10bmimic after k

used as HG stimulation. Tubular cells were treated without high glucose, and siRNA an

(G) Bioinformatics prediction of miR-10a/b target site within the 30 untranslated regions

(H) Relative luciferase activity in human podocytes transfected with plasmid constructe

mRNA, cotransfected with miR-10a or -10b mimic or antisense.

(I and J) Representative western blot for TGFBR1, FN, and a-SMA proteins in podocytes

(K) Relative TGFBR1 mRNA expression by quantitative real-time PCR in podocytes tra

(L) Relative luciferase activity in human tubular cells transfected with plasmid expressing

or antisense.

(M and N) Western blot for TGFBR1, FN, and a-SMA proteins in tubular cells transfect

(O) TGFBR1 mRNA expression by quantitative real-time PCR in tubular cells.

Data were expressed as means ± SEM of three independent experiments. ANOVA w

comparison of two groups. *p < 0.05, **p < 0.01.
mimic, 10b mimic, anti-NC, anti-10a, and anti-10b). The results
showed that miR-10a/b significantly suppressed the protein expression
of TGFBR1 as well as FN and a-SMA. In contrast, depletion of miR-
10a/b stimulated protein expression of TGFBR1, FN, and a-SMA
(Figures 2I, 2J, 2M, and 2N). Of note, TGFBR1 mRNA expression re-
mained invariant (Figures 2K and 2O). These results suggested that
miR-10a/b influenced fibrotic genes expression through regulating
TGFBR1 protein expression at the post-transcriptional level.

XRN2 prohibits collagen deposition mainly through miR-10/

TGFBR1 axis

To verify that miR-10a/b exert their anti-fibrotic function through
TGFBR1 rather than other proteins in TGF-b/Smad signaling, we
blocked TGFBR1 activation with TGFBR1 inhibitor. The antisense
of miR-10a or -10b was administered to create miR-10a/b depletion.
Twenty-four h after the miR-10a or -10b antisense transfection, po-
docytes or tubular cells were incubated with TGFBR1 inhibitor for
2 h to deprive its function, then glucose was introduced to stimulate
TGF-b/Smad signaling. The results showed that miR-10 depletion
aggravated collagen gene expression (Figures 3A, 3B, S4A, and S4B)
as well as FN and a-SMA protein expression (Figures 3C, 3D, S4C,
and S4D). However, TGFBR1 inhibition abolished TGF-b/Smad acti-
vation and collagen gene expression when depriving miR-10
(Figures 3A–3D and S4A–S4D), indicating that TGFBR1 is irreplace-
able for miR-10 in regulating profibrotic genes expression in podo-
cytes and tubular cells.

It has been reported that exoribonuclease 2 (XRN2), a nuclear 50 to 30

exoribonuclease, is essential for miR-10a maturation in lung cancer,33

raising speculation that XRN2 may also participate in the regulation
of miR-10a/b in kidney cells. Firstly, we measured XRN2 protein
expression in high-glucose-treated podocytes and tubular cells. The
results showed that high glucose restrained XRN2 expression
(Figures 3E, 3F, S4E, and S4F) and mature miR-10a/b levels
(Figures 3G and S4G), suggesting the possibility of a connection be-
tween XRN2 and miR-10a/b expression. To further investigate
1, FN, and a-SMA proteins (A and B), and quantitative real-time PCR analyzed profi-

ocking down NLRP3 by siRNA technology (siNLRP3). Twenty-five mM glucose was

and miR-10 mimic were used as normal Ctrls.

1, FN, and a-SMA proteins (D and E), and quantitative real-time PCR analyzed profi-

nocking down NLRP3 by siRNA technology (siNLRP3). Twenty-five mM glucose was

d miR-10 mimic were used as normal Ctrls.

of human TGFBR1 mRNA.

d with the wild-type 30 UTR or binding-site-mutated 30 UTR (Mutated) of TGFBR1

transfected with miR-10a or -10b mimic or antisense (I), and quantification data (J).

nsfected with miR-10a or -10b mimic or antisense.

wild-type or mutated 30 UTR of TGFBR1, cotransfected with miR-10a or -10b mimic

ed with miR-10a or -10b mimic or antisense (M), and quantification data (N).

as used for comparison among multiple groups. Student’s t test was used for the
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Figure 3. The anti-fibrotic effect of miR-10a/b is dependent on TGFBR1 and is modulated by XRN2 in podocytes

(A and B) Relative ColIa (A) and ColIV3 (B) mRNA expression in podocytes transfected with miR-10a or -10b antisense. Twenty-five mM glucose incubation was used after

TGFBR1 inhibitor treatment (TGFBR1 in).

(C and D) Western blot for TGFBR1, FN, and a-SMA proteins in podocytes transfected with miR-10a or -10b antisense in the presence of TGFBR1 inhibitor (C), and qual-

ification data (D). DMSO was used as a dissolvent Ctrl.

(E and F) Western blot for XRN2, TGFBR1, and FN protein expression in podocytes treated with HG for 24 h (E), and quantification data (F).

(G) Relative miR-10a and -10b expression in podocytes treated with HG. siRNA target XRN2 (siXRN2) was introduced to evaluates its function in miR-10a or -10b expression.

An RNA sequence without a binding site was used as a Ctrl (siNC).

(H and I) Western blot for XRN2, TGFBR1, and FN protein expression in podocytes treated with siXRN2. Twenty-four h later, miR-10a or -10b mimic was transfected into

podocytes.

Data were expressed as means ± SEM. ANOVA was used for comparison among multiple groups. Student’s t test was used for the comparison of two groups. *p < 0.05,

**p < 0.01.
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whether miR-10a/b levels are dictated by XRN2, we knocked down
XRN2 by siRNA method. The results showed that XRN2 knockdown
resulted in a significant decline of miR-10a/b, followed by intense
TGFBR1 and FN activation (Figures 3G–3I and S4G–S4I). Moreover,
enhanced TGFBR1 and FN expression reverted back to basal levels
when miR-10a/b was restored (Figures 3H, 3I, S4H, and S4I). These
results indicate that miR-10a/b regulate fibrotic gene expression
mainly through inhibiting TGFBR1 and that XRN2 is required for
miR-10a/b maturation.

Overexpressing miR-10a or -10b alleviates renal fibrosis in DKD

mice

Based on our results, we hypothesized that high glucose reduces miR-
10a/b, leading to renal fibrosis in DKD. To verify our presupposition,
492 Molecular Therapy: Nucleic Acids Vol. 28 June 2022
lentiviruses harboring miR-10a/b (referred to as 10a mimic or 10b
mimic) were intrarenally injected into the kidney to restore declined
miR-10a/b expression in DKD mice. A lentivirus expressing a nega-
tive-control sequence served as the control (NCmimic). One week af-
ter lentivirus injection, mice were treated with STZ injection to induce
a diabetic phenotype (Figure 4A). At the end of the experiment at the
12th week, we observed that the lentivirus harboring 10a/b mimic
effectively reversed the declined expression of miR-10a/b
(Figures 4B and 4C). In mice overexpressing miR-10a or -10b,
H&E staining suggested ameliorated kidney injury, whereas Masson
trichrome and Sirius-red staining demonstrated that less collagen
was deposited in both glomerular and tubular compartments of kid-
ney (Figures 4D–4F). In addition, glomerular foot process effacement
was alleviated by miR-10a/b restoration (Figures 4G and 4H).



Figure 4. Overexpression of miR-10/b prevents renal fibrosis

(A) Schematic diagram of the animal experimental procedure.

(B and C) miR-10a (B) and -10b (C) expression by quantitative real-time PCR in kidney from STZ-treated mice. Lentivirus expressing miR-10a or -10b mimic (10a or 10b

mimic) was used to overexpress miR-10a or 10b, and lentivirus expressing a nonsense sequence was used as a negative Ctrl (NC mimic) (n = 6).

(D and E) Representative images of H&E staining (D) andMasson’s trichrome and Sirius-red staining (E) in kidney sections from lentivirus-treated DKDmice. Scale bar, 40 mm.

(F) Fibrotic area was calculated in (E). n = 6 in each group.

(G and H) Representative images of transmission electron microscopy in kidney sections from lentivirus-treated DKDmice above (G), and foot-process weight was quantified

(H). Scale bar, 1 mm.

Data were expressed as means ± SEM. Student’s t test was used for the comparison of two groups. *p < 0.05, **p < 0.01.
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Figure 5. Knocking down miR-10a/b aggravates

renal fibrosis

(A) miR-10a/b expression by quantitative real-time PCR in

kidney from STZ-treatedmice. Lentivirus expressing miR-

10a or -10b antisense (Anti-10a or Anti-10b) was used to

knock down miR-10a or -10b, and lentivirus expressing a

nonsense sequence was used as a negative Ctrl (anti-NC)

(n = 6).

(B and C) Representative images of H&E staining (B) and

Masson’s trichrome and Sirius-red staining (C) in kidney

sections from lentivirus-treated DKD mice. Scale bar,

40 mm.

(D) Fibrotic area was calculated in (C). n = 6 in each group.

(E and F) Representative images of transmission electron

microscopy in kidney sections from lentivirus-treated

DKD mice above (E), and foot-process weight was

quantified (F). Scale bar, 1 mm.

Data were expressed as means ± SEM. Student’s t test

was used for the comparison of two groups. *p < 0.05,

**p < 0.01.
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Abrogated miR-10a/b aggravate kidney injury in DKD mice

To further test the protective role of miR-10a/b in diabetic kidney, we
knocked down miR-10a/b by a lentivirus incorporated with miR-10a/
b antisense. A lentivirus expressing a negative-control sequence
served as the control (referred to as anti-NC, anti-10a, and anti-
10b). The results showed that intrarenal injection of lentivirus with
miR-10a/b antisense effectively decreased miR-10a or -10b expres-
sion compared with anti-NC control (Figure 5A). The decline in
miR-10a/b levels induced accelerated kidney injury and collagen
accumulation in the glomerular and tubular interstitial regions
(Figures 5B–5D). Deprived miR-10a/b induced exacerbated foot pro-
cess effacement (Figures 5E and 5F). These results suggest that miR-
10a/b abrogation aggravated renal fibrosis in DKD.

miR-10a/b regulate renal fibrosis via suppressing TGF-b/Smad

signaling in DKD mice

Next, we evaluated the effects of miR-10a/b on the regulation of
TGFBR1 protein and the activation of TGF-b/Smad signaling in
DKD mice. Immunohistochemical staining for TGFBR1 protein was
increased in the kidney from DKD mice, while lentivirus expression
494 Molecular Therapy: Nucleic Acids Vol. 28 June 2022
of the NC mimic or antisense did not affect the
TGFBR1 expression. Consistent with the obser-
vation in vivo, STZ-induced TGFBR1 protein in
kidney was suppressed by the overexpression of
miR-10a/b (Figures 6A and 6B). After TGFBR1
was induced, phosphorylated Smad3, the key
mediator in TGF-b/Smad signaling, increased
in the nucleus location to exert its role as a profi-
brotic factor (Figures 6A and 6C). Immune blot-
ting reconfirmed that the overexpression ofmiR-
10a/b reversed the induction of TGFBR1 protein
in DKD mice, thus resulting in a reduction of
fibrotic genes expression in the kidney
(Figures 6D and 6E). The anti-fibrotic effect of miR-10a/b was further
validated by decreased ColIa and ColIV3 gene expression in the kidney
(Figure 6F). In contrast, depriving miR-10a/b enhanced the induction
of TGFBR1 and phosphorylated Smad3 (Figures 6A–6C). TGFBR1,
FN, and a-SMA protein expression as well as ColIa and ColIV3
gene expression was strengthened by decreased miR-10a/b levels in
the cortex homogenate from miR-10a/b-antisense-treated mice
(Figures 6G–6I).

Intrarenal miR-10a/b decrease in DKD patients with fibrosis

To measure the level of intrarenal miR-10a/b in DKD patients with
fibrosis, we analyzed 19 kidney samples with biopsy-proven DKD
(Table S1). Normal kidney samples were obtained from a nondiseased
portion of nephrectomy specimens from patients with local renal tu-
mors. Masson’s trichrome staining revealed renal fibrosis in DKD pa-
tients (Figures 7A and 7B). In situ hybridization of miR-10a/b showed
that both miR-10a and -10b were significantly reduced compared
with normal controls (Figures 7C and 7D). Immunohistochemical
staining further indicated induction of TGFBR1 and FN protein
expression (Figures 7E and 7F).



Figure 6. miR-10a/b regulate renal fibrosis in DKD mice through inhibiting TGF-b/Smad signaling pathway

(A–C) Representative images of immunohistochemical staining of TGFBR1 and phosphorylated Smad3 (A), and quantification data (B and C). Scale bar, 40 mm.

(D and E) Western blot for TGFBR1, FN, and a-SMA protein expression in kidney from DKD mice with lentivirus expressing a nonsense sequence, an miR-10a mimic, or an

miR-10b mimic (D), and quantification data (E).

(F) ColIa and ColIV3 mRNA expression in kidney from mice above by quantitative real-time PCR (n = 6).

(G and H) Western blot for TGFBR1, FN, and a-SMA protein expression in kidney from mice with lentivirus expressing miR-10a or -10b antisense (G), and quantification data

(H).

(I) ColIa and ColIV3 mRNA expression in kidney from STZ-induced DKD mice by quantitative real-time PCR (n = 6).

Data were expressed as means ± SEM. Student’s t test was used for the comparison of two groups. ANOVA was used for comparison among multiple groups. *p < 0.05,

**p < 0.01.
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DISCUSSION
Our previous studies have demonstrated that overexpressing miR-10a
or -10b decreased extracellular matrix deposition, whereas knocking
down miR-10a or -10b enhanced kidney fibrosis.26 The altered
fibrosis program may result from miR-10a/b-mediated NLRP3-in-
flammasome-associated sustained inflammation or from a miR-
10a/b directly regulated mechanism. However, other pathways
cannot be ruled out in fibrosis progression in DKD.
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Figure 7. Renal miR-10a and -10b decrease in DKD

patients with fibrosis

(A and B) Representative images of Masson’s trichrome

staining of renal fibrosis in patients with DKD (A), and

quantification data (B). Scale bar, 40 mm.

(C and D) Representative images of in situ hybridization

staining of miR-10a/b in patients with DKD (C), and

quantification data (D). Scale bar, 40 mm.

(E and F) Representative images of immunohistochemical

staining of TGFBR1 and FN in patients with DKD (E), and

quantification data (F). Scale bar, 40 mm.

Data were expressed as means ± SEM. Student’s t test

was used for the comparison of two groups. **p < 0.01.
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In this study, to uncover other contributors to renalfibrosis inDKD,we
inhibited an NLRP3-mediated inflammation cascade by siRNA target-
ing NLRP3. The results showed that TGF-b/Smad was an independent
and excessively activated pathway that contributed to profibrotic gene
transcription and collagen deposition in kidney cells. In addition,
TGFBR1, one of the key components of TGF-b/Smad signaling, was
also directly regulated by miR-10a/b, giving rise to a very strong anti-
fibrotic effect of miR-10 by suppressing the TGF-b/Smad pathway
and the NLRP3-mediated inflammation pathway simultaneously.

An important finding of our study is that high-glucose levels can
regulate the XRN2/miR-10a/b/TGFBR1/fibrosis axis in kidney cells.
496 Molecular Therapy: Nucleic Acids Vol. 28 June 2022
Evidence has been provided to prove that
high-glucose incubation downregulated XRN2
protein, leading to decreased miR-10a/b, and
thus promoting TGFBR1 protein in renal cells.
Increased TGFBR1 levels in diabetic kidneys
triggered the phosphorylated Smad3 translo-
cated into the nucleus, activating TGF-b/Smad
signaling. Consequently, renal fibrosis was
induced in DKD mice.

Genes associated with features including extra-
cellular-matrix accumulation and fibrosis in
glomerular and tubular cells are regulated by
both classical signaling pathways and epigenetic
mechanisms including non-coding RNAs in
DKD.3 Although several non-coding RNAs,
such as miRNA-204,34 miRNA-214,35 and
miRNA-29,36 have been reported to protect
the kidney against injury in diabetes, there re-
mains a need for further studies of disease etiol-
ogy to develop more efficacious treatment for
DKD. In this study, we demonstrated that
miR-10a/b can protect both glomerular and
tubular cells from fibrosis by targeting
TGFBR1 at the post-transcriptional mecha-
nism. Of note, there is a slight but not signifi-
cant increase of TGFBR1 mRNA in high-
glucose-stimulated tubular cells, suggesting
that except for post-transcription mechanisms, there may be a possi-
bility of an add-on or different mechanism in TGFBR1 protein in
tubular cells. In both podocytes and tubular cells, overexpressing
miR-10a or -10b can significantly downregulate profibrotic gene
expression, including FN and a-SMA. In addition, the anti-fibrotic ef-
fects of miR-10a/b are potent enough by solely suppressing TGFBR1
(Figures 3 and S3). Delivering miR-10a or -10b into diabetic kidney
prevented fibrosis and foot process effacement in DKD mice. These
data suggest that in addition to inhibiting renal inflammation,26

miR-10a/b can also protect the kidney from injury by
suppressing renal fibrosis, making them a promising therapeutic
target for DKD.
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In conclusion, our study illustrated that miR-10a/b can regulate renal
fibrosis through directly targeting TGFBR1 and regulating TGF-b/
Smad signaling in diabetic mellitus. These findings provide novel
insight into the pathogenesis of DKD and suggest that targeting
miR-10a/b may represent an effective therapeutic approach to treat
DKD.

MATERIALS AND METHODS
Human renal biopsy samples

Six patients who underwent nephrectomy for solitary renal carci-
noma without diabetes and a urine albumin-to-creatinine ratio
<30 mg/g in biochemical analysis were collected as control. These
control samples obtained from healthy kidney poles of solitary renal
carcinoma were pathologically normal. The control kidneys used in
this study were obtained from surgical nephrectomies for diagnostic
purposes. Renal biopsy samples from 19 patients with biopsy-proven
DKD were analyzed. Diagnosis of DKD was confirmed by both kid-
ney histological and scanning electron microscopy examinations.
The protocol regarding the use of kidney samples in this study was
approved by the Human Subjects Committee of the Guangzhou
Kingmed Center for Clinical Laboratory. Informed consent was ob-
tained from all participants.

Animals and DKD models

The use of animals in this study was approved by the Institutional An-
imal Care and Use Committee at Nanfang Hospital. Male C57BL/6J
mice (20–25 g) were used to generate a high-fat-diet- and STZ-
induced DKD model with albuminuria and glomerular lesions, as
previously described.37,38 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
R15 mmol/L were considered diabetic. All mice had unrestricted ac-
cess to food and water for 12 weeks on the high-fat diet. Then kidneys
from the control and DKD groups were harvested for further study.

Intrarenal lentivirus delivery

Seven days before STZ injection, recombinant lentivirus vector
pGLV-harboring miR-10a/b mimic or antisense (referred as 10a
mimic, 10b mimic, anti-10a, or anti-10b) or a nonsense sequence
(referred to as NC mimic, anti-NC) were delivered into mouse kid-
ney. In anesthetized mice, a 31G needle was inserted from the lower
pole of the temporary obstructed kidney to the upper pole. As the nee-
dle was slowly withdrawn, 100 mL (105TU/mL) lentivirus was slowly
injected.

Transmission electron microscopy (TEM)

Electron-microscopic sample handling and detection were performed
by the Pathology Laboratory of Nephrology at Nanfang Hospital. The
thickness of the glomerular basement membrane, foot process efface-
ment, and the number of foot processes in TEM images were analyzed
with ImageJ (National Institutes of Health, NIH, Bethesda, MD,
USA). Five micrographs were taken in one glomerulus, and 6–8
glomeruli were randomly selected from one kidney.
Cell culture, treatment, and transfection

The human podocytes were proliferated in RPMI 1640 Media
(11 mmol/L glucose, Life Technologies, Grand Island, NY, USA) con-
taining 10% fetal bovine serum (FBS), 1% antibiotic/antimycotic
solution, and 0.1% Insulin-Transferrin-Selenium-Ethanolamine solu-
tion (ITS) (Life Technologies) at 33�C in an incubator with 5% CO2.
When cells were grown to 70% confluence, they were thermoswitched
to 37�C for another 10 days to induce differentiation. The human
renal proximal tubular epithelial (HK2) cells were maintained in a
DMEM/low-glucose (5.5 mmol/L) medium (Life Technologies)
with 10% FBS and 1% antibiotics at 37�C. For high-glucose stimula-
tion, cells were stimulated with final glucose concentration in me-
dium at 25 mmol/L. For transient transfection, Lipofectamine 3000
was used in accordance to the manufacturer’s instructions. The
miR-10a/b mimic and antisense were purchased from GenePharma
(GenePharma, Shanghai, China). Twenty-four h after miR mimic
or antisense transfection, cells were pretreated with TGFBR1 inhibi-
tor SB 431542 (Sigma-Aldrich, St. Louis, MO, USA) at dosages of
10 mM to inhibit TGFBR1 activity. Two h later, indicated glucose
was added into culture medium.

Histology and immunohistochemistry

Mouse kidney tissue was embedded in paraffin and cut into 2-mm-
thick sections. After being rehydrated, sections were processed to
the H&E, Masson’s trichrome, and Sirius-red staining. For immuno-
histochemistry, 8-mm-thick sections were cut. After antigen retrieval
and blocking, a primary antibody against TGFBR1 (Abcam, Cam-
bridge, UK), FN (Sigma-Aldrich, St. Louis, MO, USA), and phosphor-
ylated Smad3 (Boster Biological Technology, Wuhan, China) was
incubated at 4�C overnight. Staining was developed with DAB and
counterstained with hematoxylin. Positive staining areas were quan-
tified with Image-Pro Plus 6.0 software.

RNA isolation and quantitative real-time PCR assays

Total RNAwas isolated from tissues or cells using TRIzol reagent (In-
vitrogen, Carlsbad, CA, USA) according to the manufacturer’s in-
structions. MystiCq microRNA qPCR Assay (Sigma-Aldrich) was
employed to quantify miR-10a/b expression according to the manu-
facturer’s instructions, and U6 was used as an internal control.
For relative miR expression, miR-10a/b expression was calculated
as 2-DCT (DCT = CTmiR.- CTU6).

The mRNA expression levels were determined by quantitative real-
time PCR using SYBR Premix Ex Taq (Takara Bio, Shiga, Japan) on
7500 fast Real-Time PCR Systems (Applied Biosystems, Foster City,
CA, USA). All reactions were run in triplicate. The sequences of spe-
cific primers are listed below.

Human

TGFBR1: GGGGCGAACGCATTACAGTGTTTCTGCCAC

TGGAATGCAGAGGAAGCAGACTGGACCAGC.

ColIa: GACTGGAAGAGCGGAGAGTACTG
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CCTTGATGGCGTCCAGGTT.

ColIV3 CGGGTACCCAGGACTCATAG

GGACCTGCTTCACCCTTTTC.

Mouse

TGFBR1: CGAGAGGCAGAGATTTATCAGACTG

TCCACCAATAGAACAGCGGCG.

ColIa: TAGGCCATTGTGTATGCAGC

ACATGTTCAGCTTTGTGGACC.

ColIV3: ACCACGGCCATTCCTTCAT

CAAAAAGAAGAGAAAACCCACTATAGAGT.
Luciferase reporter assay

The 30 UTR of TGFBR1 was amplified via PCR with human genomic
DNA as the template and inserted downstream of the pGL3 promotor
(Promega), referred to as wild type (WT). The binding site of the
“seed sequence” for miR-10a and -10b was mutated into its compli-
mentary sequence (ACAGGGTA into UGUCCCAU). The con-
structed plasmids were cotransfected with miR-10a/b mimic or
nonsense RNA without a binding site in the host cells (NC) into
human podocytes or HK2 using Lipofectamine 3000. Twenty-four
h after transfection, cell lysates were subjected to luciferase assay
with a Dual-Luciferase Reporter Assay System (Promega). Luciferase
activity was normalized to Renilla luciferase activity.
Western blotting

Tissue or cell lysates were prepared with radioimmunoprecipitation
assay buffer containing protease inhibitor cocktail (Roche, Indianap-
olis, IN, USA). The blots were then incubated with a primary antibody
against TGFBR1 (R&D Systems, Minneapolis, MN, USA), a-SMA
(Sigma-Aldrich), FN (Sigma-Aldrich), and GAPDH (Santa Cruz
Biotechnology, Santa Cruz, CA, USA). The relative protein expres-
sion was normalized to GAPDH.
miRNA in situ hybridization

In situ hybridization for miR-10a/b was performed with double di-
goxigenin-labeled locked nucleic acid (LNA) miRCURY probes (Ex-
iqon). U6 served as the positive control, whereas a scrambled probe
was conducted as the negative control. Paraffin-embedded tissue
was cut into 6-mm-thick sections and incubated with indicated probes
at 55�C for 2 h. An anti-digoxigenin antibody conjugated with alka-
line phosphatase (Roche) was employed, followed by color develop-
ment with nitroblue tetrazolium (NBT)/5-bromo-4-chloro-3-indolyl
phosphate (BCIP) (Roche) as substrates. Sections were counter-
stained with fast red. After mounting, miR-10a/b expression was visu-
alized under phase-contrast microscopy.
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Statistical analyses

Data are representative of at least three independent experiments.
Data are presented as the mean ± SEM. Differences between groups
were analyzed using unpaired Student’s t test (for comparison be-
tween two samples) or analysis of variance (ANOVA) (for multiple
comparisons). Statistical calculations were performed using
GraphPad Prism v.6.0 (GraphPad Software, San Diego, CA, USA).
A p value <0.05 was considered statistically significant.
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