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Transforming growth factor-b/Smad signaling plays an im-

portant role in diabetic nephropathy. The current study

identified a novel Smad3-dependent long noncoding RNA

(lncRNA) Erbb4-IR in the development of type 2 diabetic

nephropathy (T2DN) in db/dbmice. We found that Erbb4-IR

was highly expressed in T2DN of db/db mice and specif-

ically induced by advanced glycosylation end products

(AGEs) via a Smad3-dependent mechanism. The functional

role of Erbb4-IR in T2DN was revealed by kidney-specific

silencing of Erbb4-IR to protect against the development

of T2DN, such as elevated microalbuminuria, serum cre-

atinine, and progressive renal fibrosis in db/db mice, and

to block AGE-induced collagen I and IV expression inmouse

mesangial cells (mMCs) and mouse tubular epithelial cells

(mTECs). Mechanistically, we identified that the Erbb4-IR–

microRNA (miR)-29b axis was a key mechanism of T2DN

because Erbb4-IR was able to bind the 39 untranslated

region of miR-29b genomic sequence to suppress miR-

29b expression at transcriptional level. In contrast, silenc-

ing of renal Erbb4-IR increased miR-29b and therefore

protected the kidney from progressive renal injury in

db/db mice and prevented mTECs and mMCs from AGE-

induced loss of miR-29b and fibrotic response in vitro. Col-

lectively, we identify that Erbb4-IR is a Smad3-dependent

lncRNA that promotes renal fibrosis in T2DN by suppress-

ing miR-29b. Targeting Erbb4-IR may represent a novel

therapy for T2DN.

Increasing evidence showed that noncoding RNAs (ncRNAs)

play a critical role in a variety of diseases (1). Long ncRNAs

(lncRNAs) are defined as a class of .200 nucleotides with-

out protein-coding activity. As lncRNAs are tissue and cell-

type specific (1), they have emerged as a new era of gene

therapy. Recent studies indicated that lncRNAs are involved

in a variety of diseases, such as cancer (2,3), cardiovascular

diseases (4,5), and autoimmune diseases (6). In the past

decades, many disease-associated ncRNAs have been iden-
tified and reported as therapeutic targets for kidney diseases

(7–9). However, the expression profile and functions of

lncRNAs in diabetic kidney injury remain largely unexplored.

The incidence of diabetic kidney diseases is still increas-

ing continuously worldwide, eventually leading to end-stage

renal disease (10). Although a number of studies reported

the critical role of microRNAs (miRNAs) in the progression

of diabetic nephropathy (DN) (11,12), the applications and
potential mechanisms of these miRNAs remain unclear

(13). It is well documented that transforming growth fac-

tor-b (TGF-b)/Smad signaling is an important pathway

leading to renal fibrosis in the diabetic kidney (14). Ad-

vanced glycation end products (AGEs) could activate TGF-

b/Smad signaling and mediate diabetic scarring directly in

TGF-b–dependent and –independent manners (15,16). Re-

cently, two lncRNAs, Tug1 and CHOP, have been identified
to promote diabetic kidney diseases in mitochondria- and

endoplasmic reticulum–dependent mechanisms, respectively

(17,18). However, there is still limited understanding of how

lncRNAs regulate the TGF-b/Smad signaling in DN.

We previously identified a number of Smad3-dependent

lncRNAs in mice with kidney disease by RNA-sequencing

analysis (19,20), in which a novel lncRNA Erbb4-IR (np_5318)
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was highly upregulated in the kidney of mice subjected to
unilateral ureteral occlusion, but was largely suppressed in

mice lacking Smad3 (21). Erbb4-IR is located within the in-

tron region between the first and second exons of Erbb4

gene on chromosome 1 of the mouse genome. We then

amplified its full length by rapid amplification of cDNA

ends. Chromatin immunoprecipitation clearly demonstrated

that Smad3 protein directly binds on the promoter region of

Erbb4-IR (21), indicating that Erbb4-IR is a direct Smad3

target gene. In the present work, we explored the patho-

genic role of this novel Smad3-dependent lncRNA in type

2 diabetic nephropathy (T2DN). Expression of Erbb4-IR was

largely increased and associated with the progression of DN

in db/db mice. Expression of Erbb4-IR was specifically trig-

gered by AGEs but not high glucose in cultured mouse

tubular epithelial cells (mTECs) and mouse mesangial cells

(mMCs) and was tightly regulated by a Smad3-dependent

mechanism in vitro and in vivo. Importantly, we also found

that kidney-specific targeting Erbb4-IR protected db/db mice

from the development of diabetic kidney injury via a mech-

anism associated with increasing miR-29b expression under

diabetic conditions in vivo and in vitro. Thus, Erbb4-IR may

represent a potential therapeutic target for DN.

RESEARCH DESIGN AND METHODS

Animal Model

To detect whether Erbb4-IR expression is Smad3 dependent

in db/db mice, Smad3-knockout (KO) db/db mice were con-

structed by crossing heterozygous db/m with heterozygous

Smad3+/2 (both from C57BL6 background). We used PCR

to genotype the db and Smad3 alleles of the first generation

of offspring (F1), subsequently identified male and female

double-heterozygous mice, and then used them to breed the

second generation of offspring (F2). In this study, we ex-

amined Erbb4-IR on Smad3 wild-type (WT) db/m, Smad3-WT

db/db, Smad3-KO db/m, and Smad3-KO db/db mice.

For functional study, male db/db mice and their normal

littermates (db/m) at the age of 4 weeks were purchased

from Laboratory Animal Services Centre at The Chinese Uni-
versity of Hong Kong. Groups of eight mice were used: 1)

groups of db/m or db/db mice were sacrificed at the age of

12 weeks as basic level control; and 2) groups of db/m or

db/dbmice were treated with pSuper.puro vector as negative

control (NC) or vector containing short hairpin RNA (shRNA)

sequence targeting Erbb4-IR (shRNA) at the age of 12, 15,

and 18 weeks and sacrificed at 20 weeks. All mice were main-

tained in a standard animal house with a 12:12-h light/dark
cycle and euthanized with an intraperitoneal injection of

ketamine/xylene. The bodyweightwasmeasured every 4weeks.

The renal cortexes were collected by carefully removing the

renal pelvis and medullar tissues, which were used for real-

time PCR and Western blot analysis or fixed in methyl

Carnoy’s for histological and immunohistochemical analy-

sis. All studies were approval by the Animal Experimentation

Ethics Committee, The Chinese University of Hong Kong,

and the experimental methods were carried out in accor-
dance with the approved guidelines.

Ultrasound-Mediated Gene Transfer Mediated Erbb4-IR

Knockdown

A vector expressing Erbb4-IR–targeting shRNA (Erbb4-

IR-shRNA-pSuper.puro) was constructed on shRNA-pSuper.

puro vector with antisense sequence 59-TCGAGGAATT-

CAAAAAAGCCTACAGTTTATCCACAATCTCTTGAATTGTG-

GATAAACTGTAGGCA-39. Then, a noninvasive ultrasound-

microbubble–mediated gene-transfer technique was used to

deliver Erbb4-IR shRNA or empty pSuper.puro vector into

both kidneys following the protocol as previously described (20).

Briefly, mouse received the mixed solution (200 mL/mouse)

containing either the Erbb4-IR shRNA or empty pSuper.

puro vector and lipid microbubbles (Sonovue; Bracco, Milan,

Italy) at a ratio of 1:1 (volume for volume) via the tail vein

injection. Immediately after injection, an ultrasound trans-

ducer (Therasonic; Electro Medical Supplies, Wantage, U.K.)

was directly placed on the skin of the back against the

kidney with a pulse-wave output of 1 MHz at 2 W/cm2 for

a total of 5 min each side. To maintain the transgene expres-

sion levels, gene therapy was given at 12, 15, and 18 weeks.

The experimental procedures were performed following the

approved protocol by the Animal Experimentation Ethics

Committee at The Chinese University of Hong Kong.

Cell Culture

To dissect the specific role and regulatory mechanisms

through which TGF-b signals to Smad2 or Smad3 to regu-

late Erbb4-IR expression, characterized mouse embryonic

fibroblasts (MEFs) lacking Smad3 or Smad2 were used for

this study as described previously (22). AGE at a dose of

100 mg/mL (Sigma-Aldrich, St. Louis, MO) was added to

induce responses. mTECs were cultured in DMEM/F12

(Gibco, Carlsbad, CA) supplemented with 5% FBS (Gibco)

and 1% antibiotic/antimycotic solution (Life Technolo-

gies, Grand Island, NY). SV40-transformed mMCs (MES13;

American Type Culture Collection, Manassas, VA) were

maintained in a 3:1 mixture of DMEM and Ham’s F-12

medium containing 5% FBS and 1% antibiotic/antimycotic

solution (Life Technologies). Cells were cultured in 12- or

6-well plastic plates at 37°C in an incubator with 5% CO2.

Cells were stimulated with AGEs (100 mg/mL), normal

glucose (5.5 mmol; Life Technologies), or high glucose

(25 mmol; Life Technologies) for periods of 0, 1, 3, 6, 12,

and 24 h in serum-free medium. BSA (100 mg/mL) or man-

nitol (25 mmol; Life Technologies) was used as NC.

Transient Small Interfering RNA–Mediated Silencing

of Erbb4-IR

mTECs and mMCs were transfected with 100 nmol/L

Erbb4-IR small interfering RNA (siRNA; sense 59-GCCUA-

CAGUUUAUCCACAAdTdT-39 and antisense 39-dTdTCGGA-

UGUCAAAUAGGUGUU-59) or NC siRNA (sense 59-AUGAA-

CGUGAAUUGCUCAAUUU-39 and antisense 39-dTdTUACU-

UGCACUUAACGAGUUAAA-59; RiboBio, Guangzhou, China)

using Lipofectamine RNAiMAX reagent (Invitrogen, Carlsbad,
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CA) according to the manufacturer’s instruction (21). To
examine the role of Erbb4-IR in diabetic renal fibrosis,

mTECs and mMCs with or without Erbb4-IR siRNA were

stimulated with AGEs (100 mg/mL) for 6 h. All cells were

fasted with 0.5% FBS medium for 24 h before stimulation

and maintained until the end of stimulation. Effects of

downregulating Erbb4-IR on activation of TGF-b/Smad3

and expression of fibrotic markers (TGF-b1, phosphory-

lated [phospho]-Smad3, Smad3, collagen I, and collagen IV)
were examined by real-time PCR or Western blot analysis.

Real-time PCR Analysis

Total RNA from renal cortex and cultured cells was isolated

by TRIzol (Invitrogen) according to the manufacturer’s in-
structions. Expression of mRNAs and miR-29b was mea-

sured by real-time PCR as previously described (23). The

primers used in this study, including TGF-b1, collagen I, col-

lagen IV, miR-29b, U6, and b-actin, were described previ-

ously (11). Other primers included: mouse Erbb4-IR forward

59-AACTCGCCACAGAAATCCAC-39 and reverse 59-ACAAC-

CCCAAACAAGCTGTC-39. The relative level of detected gene

was normalized with the internal control b-actin or U6 and
expressed as mean 6 SEM.

In Situ Hybridization

To detect the expression pattern and location of Erbb4-IR

in the diabetic kidney, in situ hybridization was performed

with double digoxigenin–labeled probes (Exiqon, Vedbæk,
Denmark), following the protocol as described previously

(20). Briefly, 10-mm slides were prepared from optimal cut-

ting temperature compound–embedded kidney tissues. The

slides were then fixed in 4% paraformaldehyde for 10 min

and treated with proteinase-K (10 ng/mL) for 10 min at

37°C. Slides were prehybridized with the 13 ISH buffer

(Exiqon) and then hybridized with digoxigenin antisense

Erbb4-IR probes (59-AATAGATATAACGACAATGTGT-39) at
45°C for 1 h. After stringency washing, the sections were

incubated with antidigoxigenin antibody (Roche Diagnos-

tics, Indianapolis, IN) overnight at 4°C and developed

with nitro blue tetrazolium/5-bromo-4-chloro-3-indolyl phos-

phate to produce positive signals. A scramble probe (59-GTG-

TAACACGTCTATACGCCCA-39) was used as an NC for all

studies.

Fluorescence In Situ Hybridization

and Immunofluorescence Assay

To detect the expression location of Erbb4-IR in the diabetic

kidney and AGE-stimulated mTECs, in situ hybridization

was performed with Cy3-conjugated Erbb4-IR probe (59-AA-

TAGATATAACGACAATGTGT-39; GenePharma, Shanghai,
P.R. China) or mouse U6 fluorescence in situ hybridization

(FISH) probe (LNC110103; RiboBio) by using a FISH kit

(C10910; RiboBio) according to the manufacturer’s instruc-

tion. The kidney sections were further counterstained with

FITC-conjugated epithelial cell marker keratins (Pan Cytoker-

atin antibody; 53-9003-82; eBioscience, San Diego, CA) by

immunofluorescence assay as described in our previous study

(24). The stained samples were imaged under fluorescence

microscope (Axio Observer.Z1; Carl Zeiss, Oberkochen,
Germany).

Western Blot Analysis

Protein from renal cortex and cultured cells was extracted us-

ing the radioimmunoprecipitation assay lysis buffer. Western

blot analysis was performed as described previously (25). In
brief, after blocking nonspecific binding with 5% BSA, ni-

trocellulose membranes were then incubated overnight at

4°C with primary antibodies against phospho-Smad3 (Cell

Signaling Technology, Danvers, MA) and Smad3 (Santa

Cruz Biotechnology, Santa Cruz, CA), collagens I and colla-

gen IV (Southern Biotechnology Associates, Birmingham,

AL), and b-actin (Santa Cruz Biotechnology), followed

by IRDye800-conjugated secondary antibodies (Rockland
Immunochemicals, Gilbertsville, PA). Signals were detected

using the Li-Cor/Odyssey infrared image system (LI-COR

Biosciences, Lincoln, NE), followed by quantitative analysis

using the ImageJ program (National Institutes of Health;

http://imagej.nih.gov/ij/). The ratio for the protein exam-

ined was normalized against b-actin and expressed as the

mean 6 SEM.

Fasting Blood Glucose, Intraperitoneal Glucose

Tolerance Test, and Intraperitoneal Insulin Tolerance

Test

Blood glucose levels were measured by AccuChek glucose

meter (Roche Diagnostics) after the mouse fasting for 6 h

every 4 weeks as recommended by the Animal Models of Di-
abetic Complications Consortium. Intraperitoneal glucose tol-

erance tests (IPGTTs) and intraperitoneal insulin tolerance

tests (IPITTs) were performed at 20 weeks before sacrifice

(26). Briefly, for IPGTT, mice were fasted for 6 h, D-glucose

(1 mg glucose/gram body wt) was given intraperitoneally,

and blood glucose levels were measured at 0, 15, 30, 60,

and 120 min post–glucose challenge. For the IPITT, after

a 3-h fast, mice received an intraperitoneal administration
of 1 U/kg insulin, blood glucose levels were measured at 0,

15, 30, 60, and 120 min, and area under the curve was

calculated.

Renal Function Measurement

The 24-h urinary samples were collected in metabolic cages

every 4 weeks. Urinary microalbumin was measured by

competitive ELISA according to the manufacturer’s instruc-

tions (Exocell Inc, Philadelphia, PA). Urinary and serum

creatinine were measured with an enzymatic kit (Stanbio

Laboratories, Boerne, TX). Urinary albumin excretion was
expressed as total urinary albumin/creatinine (in micro-

grams per milligram) as previously described (26).

Histology and Immunohistochemistry

Changes in renal morphology were examined in methyl

Carnoy’s fixed, paraffin-embedded tissue sections (4 mm)

stained with the periodic acid-Schiff method. Immuno-

staining was performed in 4-mm paraffin sections using

a microwave-based antigen retrieval technique (26). The

antibodies used in this study included: collagen I and
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collagen IV (Southern Biotechnology Associates) and phos-
pho-Smad3 (Cell Signaling Technology). After immunostain-

ing, sections were counterstained with hematoxylin (except

for phospho-Smad3).
Quantitation of immunostaining was carried on coded

slides as previously described (11). The expression of colla-

gen I was quantified using Image-Pro Plus software (Media

Cybernetics, Bethesda, MD) in 10 consecutive fields (origi-

nal magnification 3200). The expression of collagen IV in

the entire cortical tubulointerstitium (a cross-section of the

kidney) was determined as previously described (26,27),

whereas the expression in glomeruli was determined as

described as follows: 20 glomeruli were randomly selected

from each section, and positive signals within the selected

glomerulus were highlighted, measured, and expressed as

percentage positive area of the entire glomerulus. The num-

bers of phospho-Smad3 were counted in 20 consecutive

glomeruli and expressed as cells per glomerular cross-section,

whereas positive cells in the tubulointerstitium were counted

under high-power fields (original magnification 3400) by

means of a 0.0625-mm2 graticule fitted in the eyepiece of

the microscope and expressed as cells per millimeters

squared.

Dual-Luciferase Reporter Assay

The pcDNA3.1+ plasmid overexpressing Erbb4-IR full-length
sequence (Erbb4-IR) and pGL3-basic reporter plasmid con-

taining full-length miR-29b gene with (pGL3-miR-29b) or

without 39 untranslated region (UTR) sequence of predicted

Erbb4-IR binding site (pGL3-mutant) (Supplementary

Fig. 9) were constructed by BiOWiSH Technologies Ltd.

(Beijing, China) (20). The luciferase reporter assay was per-

formed by Landbiology (Guangzhou, China) by using a dual-

luciferase reporter assay kit (Promega, Madison, WI), as

in our previous studies (21,24). The empty (pGL3-basic)

or miR-29b reporter plasmids (pGL3-miR-29b or pGL3-

mutant) and Renilla-overexpressing plasmid (as internal

control) were cotransfected into 293T cells with empty

vector (pcDNA3.1+) or Erbb4-IR–overexpressing plasmid

(Erbb4-IR). Luciferase activities were measured at 48 h ac-

cording to the manufacturer’s instructions by the GloMax-

Multi Detection System (Promega). The reporter activity

was represented by the ratio of the firefly luciferase activity

(M1) to the Renilla luciferase activity (M2) as M1/M2 and

shown as mean 6 SEM fold induction of luciferase in three

independent experiments.

Erbb4-IR Overexpression and miR-29b Mimic

Transfection

The mTECs were transfected with 0.5 mg/mL empty vector

(pcDNA3.1+) or plasmid containing Erbb4-IR full-length

RNA sequence (Erbb4-IR) with or without 50 nmol/L miR-

29b mimic (59-UAGCACCAUUUGAAAUCAGUGUU-39), con-

structed by PharmaGene (Shanghai, China) using Lipofectamine

2000 (Invitrogen) according to the manufacturer’s manual, and

refreshed the culture medium after 4 h. Then the trans-

fected cells were collected at 24 h (20).

Statistical Analysis

All data are expressed as means 6 SEM. Statistical analyses

were performed with one-way ANOVA, followed by Newman-

Keuls multiple comparison from Prism 5.0 (GraphPad Soft-

ware, San Diego, CA). A two-way ANOVA was used for disease

parameters obtained from Smad3-WT and -KO mice. In

addition, a repeated-analysis ANOVA was used for albu-

min excretion, body weight, fasting blood glucose (FBG),

IPITT, and IPGTT analysis.

RESULTS

Erbb4-IR Is Smad3-Dependently Increased in Mice

During T2DN Progression

We previously identified that Erbb4-IR is a Smad3-dependent

lncRNA in a kidney fibrosis mouse model by RNA-sequencing

and chromatin immunoprecipitation assay (19,21), suggest-

ing that Erbb4-IR may serve as a direct Smad3 target gene

during the progression of kidney disease. To determine

whether Erbb4-IR is also Smad3-dependently expressed in

the progression of T2DN, we first examined its expression

profile in the kidney of Smad3-WT and Smad3-KO db/db

mice. Interestingly, real-time PCR analysis revealed that

Erbb4-IR was significantly upregulated in the diabetic kid-

ney of Smad3-WT but not in Smad3-KO db/db mice at

12 weeks of age (Fig. 1A). In situ hybridization further

revealed that Erbb4-IR was markedly upregulated in the

glomerular cells, presumably mesangial cells, and tubular

epithelial cells of the kidney in db/db mice compared with

db/m mice (Fig. 1B). The Erbb4-IR expression was further

confirmed by FISH assay with immunofluorescence costain-

ing of epithelial cell marker keratins. Results shown in Fig.

1C clearly demonstrated that expression of Erbb4-IR was

largely increased in the nucleus of mesangial and epithe-

lial cells with tubular cytosolic expression pattern, whereas

a trace amount of Erbb4-IR was detected in epithelial cells

but absent in the glomerulus of the normal kidney from

db/m mice.

Erbb4-IR Expression Is Tightly Regulated by the

AGE/Smad3 Signaling Pathway

We next investigated the mechanisms of AGE signal-

ing in Erbb4-IR expression. As shown in Fig. 1D, AGE

caused a remarkable increase in Erbb4-IR on Smad2-WT

and Smad3-WT MEF cells. Interestingly, the AGE-induced

Erbb4-IR expression was regulated by Smad3 but not

Smad2 because knockout of Smad3 completely prevented

AGE-induced Erbb4-IR expression, whereas deletion of

Smad2 did not alter high levels of Erbb4-IR in response

to AGEs by MEFs (Fig. 1D). In addition, we also detected

that addition of AGEs (100 mg/mL) but not high glucose

(25 mmol) was capable of inducing expression of Erbb4-

IR by mTECs and mMCs in a time- and dose-dependent

manner, peaking at 3 h (Figs. 2A and B, 3A and B, and

Supplementary Fig. 1), which was associated with a marked

upregulation of collagen I and collagen IV (Supplemen-

tary Fig. 2). Furthermore, blocking of receptors for AGE

significantly reduced AGE-induced Erbb4-IR expression
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Figure 1—Erbb4-IR expression is upregulated in diabetic kidney and tightly regulated by TGF-b/Smad3 signaling. A: Real-time PCR detects that

Erbb4-IR expression is largely increased in the kidney of Smad3-WT (S3WT) db/db mice, which is suppressed in the Smad3-KO (S3KO) db/db

mice. B: In situ hybridization shows that Erbb4-IR is weakly expressed in the kidney of db/m mice. C: FISH assay with immunofluorescence

costaining of epithelial cell marker keratins (green) further confirmed the upregulation of Erbb4-IR (red) was largely located at the nucleus (DAPI,

blue) of glomerular mesangial cells and in perinuclear-cytoplasmic tubular epithelial cells of diabetic injured kidney in the db/dbmice at week 12.

U6 (red) is used as positive control, as shown in the right panel. D: Real-time PCR shows that addition of AGEs (100 mg/mL) induces Erbb4-IR

expression in S3WT but not in S3KOMEF cells. However, its expression increases in both Smad2-WT (S2WT) and Smad2-KO (S2KO) MEF cells

under AGE stimulation. Each bar represents the mean 6 SEM for groups of six mice or three independent experiments. *P , 0.05; **P , 0.01;

***P , 0.01 vs. S3WT db/db or time 0; ###P , 0.001 as indicated. Original magnification 3400 (B and C). g, glomerulus.
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Figure 2—Knockdown of Erbb4-IR inhibits AGE-induced TGF-b1/Smad3-dependent fibrosis in mTECs. A and B: Real-time PCR shows that

AGEs (100 mg/mL) induce Erbb4-IR expression in a time- and dosage-dependent manner, being significant at 1 h and peaking at 3 h with an

optimal dose at 100 mg/mL. C: Real-time PCR detects that knockdown of Erbb4-IR inhibits AGE-induced (100 mg/mL) collagen I (Col. I), collagen

IV (Col. IV), and TGF-b1 mRNA expression in mTECs. D: Western blot (WB) analysis shows that knockdown of Erbb4-IR decreases AGE-induced

Col. I and Col. IV protein expression and inhibits phosphorylation of Smad3 (p-Smad3). Data represent the mean 6 SEM for at least three

independent experiments. *P , 0.05; **P , 0.01; ***P , 0.001 compared with the BSA control; #P , 0.05; ##P , 0.01 compared with NC with

AGE stimulation. siRNA, Erbb4-IR siRNA.
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Figure 3—Knockdown of Erbb4-IR inhibits AGE-induced TGF-b1/Smad3-dependent fibrosis in mMCs. A and B: Real-time PCR shows that

AGEs (100 mg/mL) induce Erbb4-IR expression in a time- and dosage-dependent manner, being significant at 3 h with an optimal dose at

100 mg/mL. C: Real-time PCR detects that knockdown of Erbb4-IR decreases AGE-induced (100 mg/mL) collagen I (Col. I), collagen IV (Col. IV),

and TGF-b1 mRNA expression by mMCs. D: Western blot (WB) analysis shows that knockdown of Erbb4-IR decreases AGE-induced Col. I and

Col. IV protein expression and inhibits phosphorylation of Smad3 (p-Smad3). Data represent the mean 6 SEM for at least three independent

experiments. *P , 0.05; **P , 0.01; ***P , 0.001 compared with BSA control; #P , 0.05 compared with NC with AGE stimulation. siRNA,

Erbb4-IR siRNA.
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Figure 4—Effects of kidney-specific Erbb4-IR shRNA transfer on renal histology and functional injury in db/dbmice. A and B: Real-time PCR and

in situ hybridization (ISH) show that Erbb4-IR expression is significantly increased in the diabetic kidneys, presumably in mesangial cells and

tubular epithelial cells, which is downregulated by Erbb4-IR gene therapy using the ultrasound-microbubble gene-transfer technique. Scramble

probe is the NC for ISH. C and D: Knockdown of Erbb4-IR inhibits renal histological injury including mesangial matrix index by periodic acid-

Schiff (PAS) staining. E and F: Knockdown of Erbb4-IR attenuates microalbuminuria creatinine ratio (ACR) and serum creatinine in db/db mice.

Data represent the mean 6 SEM for groups of six to eight mice. Original magnification 3400 (B and C). *P , 0.05; **P , 0.01; ***P , 0.001 vs.

db/m mice; #P , 0.05; ###P , 0.001 as indicated. shRNA, db/db mice received Erbb4-IR shRNA treatment.
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in mTECs (Supplementary Fig. 3). These results suggested
that Erbb4-IR expression is tightly regulated by AGEs via

a Smad3-dependent mechanism under diabetic conditions.

Knockdown of Erbb4-IR Attenuates AGE-Induced

Fibrosis In Vitro

To study the functional role and potential mechanisms of

Erbb4-IR in renal fibrosis, knockdown of Erbb4-IR was con-

ducted on the mTECs and mMCs under AGE stimulation.
Real-time PCR showed that siRNA-mediated knockdown sig-

nificantly downregulated the expression of Erbb4-IR in both

mTECs and mMCs (Supplementary Fig. 4). Furthermore,

real-time PCR and Western blot analysis clearly demon-

strated that silencing of Erbb4-IR significantly inhibited

the fibrotic responses in the AGE-stimulated mTECs

and mMCs, including expression of collagen I, collagen IV,

TGF-b1, and phosphorylation of Smad3 (Figs. 2C and D and
3C and D).

Erbb4-IR Induction Is Associated With Activation

of TGF-b/Smad3 Signaling and Progressive Renal

Fibrosis in db/db Mice

We further examined whether Erbb4-IR expression is asso-

ciated with the progression of T2DN in db/db mice. Real-

time PCR and in situ hybridization showed that Erbb4-IR
was significantly increased in db/db mice at the age of 12 to

20 weeks compared with the db/mmice (Fig. 4A and B). This

was associated with the increase in mesangial matrix expan-

sion (Fig. 4C and D), microalbuminuria creatinine ratio,

serum creatinine (Fig. 4E and F), collagen I and IV expres-

sion (Figs. 5 and 6), as well as activation of TGF-b/Smad3

signaling (Fig. 7) in the db/db mice compared with the

Figure 5—Knockdown of renal Erbb4-IR inhibits collagen I expression in the diabetic kidney of db/db mice. A: Immunohistochemistry and

quantitative analysis of collagen expression. Original magnification 3200. B: Real-time PCR analysis of collagen I (Col. I) mRNA expression. C:

Western blot analysis of collagen protein expression. Each bar represents the mean 6 SEM for groups of six to eight mice. *P , 0.05; ***P ,

0.001 compared with week 20 db/m mice; #P , 0.05; ##P , 0.01; ###P , 0.001 as indicated. NC, db/db mice received empty vector; shRNA,

db/db mice received Erbb4-IR shRNA treatment.
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control group (db/m mice). Interestingly, the body weight

and FBG were significantly increased in db/dbmice since the

age of 8 weeks compared with the db/m controls (Supple-

mentary Fig. 5); these diabetic phenotypes occurred earlier

than the induction of Erbb4-IR at week 12 (Supplementary

Fig. 5), suggesting that Erbb4-IR may be involved in the

development of kidney complications in diabetes.

Kidney-Specific Silencing of Erbb4-IR Inhibits Renal

Injury in db/db Mice

We next examined the pathogenic role and therapeutic
potential of Erbb4-IR in T2DN by using ultrasound-micro-

bubble–mediated gene transfer of shRNA–Erbb4-IR plasmid.

As shown in Fig. 4A and B, both real-time PCR and in situ hy-

bridization detected that treatment with shRNA successfully

Figure 6—Knockdown of renal Erbb4-IR inhibits collagen IV (Col. IV) expression in the diabetic kidney of db/db mice. A: Immunohistochemistry

and quantitative analysis of Col. IV expression. Original magnification3400. B: Western blot analysis of Col. IV protein expression. C: Real-time

PCR analysis of Col. IV mRNA expression. Each bar represents the mean 6 SEM for groups of six to eight mice. *P , 0.05; **P , 0.01; ***P ,

0.001 compared with week 20 db/m mice; ##P , 0.01; ###P , 0.001 as indicated. Col. I, collagen I; NC, db/db mice received empty vector;

shRNA, db/db mice received Erbb4-IR shRNA treatment.
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suppressed the expression of renal Erbb4-IR in db/db mice at
the age of .12 to 20 weeks. More importantly, inhibition

of renal Erbb4-IR expression largely improved renal histo-

logical injury (Fig. 4C and D) and decreased microalbuminu-

ria excretion and serum creatinine (Fig. 4E and F). However,

blockade of renal Erbb4-IR showed no effect on the syn-

dromes of type 2 diabetes including body weight, FBG, IPGTT,

and IPITT (Supplementary Fig. 6), suggesting a kidney-

specific mechanism of Erbb4-IR in the development of T2DN.

miR-29b Is a Target of Erbb4-IR, and Blockade of

Erbb4-IR Increases miR-29b to Protect Against Diabetic

Kidney Injury in db/db Mice

Renal fibrosis is a hallmark of DN and is TGF-b/Smad3 de-

pendent (28). We thus further elucidated whether the pro-

fibrotic effects of Erbb4-IR are established via the TGF-b/

Smad3 signaling. As shown in Figs. 5 and 6, immuno-

histochemistry, real-time PCR analysis, and Western blot

analysis demonstrated that both the mRNA and protein

Figure 7—Knockdown of renal Erbb4-IR blocks activation of TGF-b/Smad3 signaling in the diabetic kidney of db/db mice. A: Immunohisto-

chemistry and quantitative analysis for phosphorylation of Smad3 (p-Smad3) in glomerular and tubulointerstitial compartments. Original mag-

nification 3400. B: Western blot analysis for phosphorylation of Smad3. C: Real-time PCR for TGF-b1 mRNA expression. Data show TGF-b1/

Smad3 signaling activates from week 12. Contrarily, Erbb4-IR shRNA treatment inhibits the activation of signaling. Each bar represents the

mean6 SEM for groups of six to eight mice. *P, 0.05; **P, 0.01; ***P, 0.001 compared with week 20 db/mmice; #P, 0.05; ###P, 0.001

as indicated. NC, db/db mice received negative control treatment; shRNA, db/db mice received Erbb4-IR shRNA treatment.
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expression levels of collagen I and IV were significantly

suppressed by the kidney-specific knockdown of Erbb4-IR

in db/db mice. Nevertheless, blockade of renal fibrosis

by Erbb4-IR knockdown was largely attributed to the

inhibition of TGF-b1 expression and phosphorylation of

Smad3 in db/db mice (Fig. 7), revealing the pathogenic

role of Erbb4-IR in TGF-b/Smad3-dependent renal fibrosis

of DN.

Figure 8—Erbb4-IR inhibits the expression of miR-29b at the transcriptional level. A: Predicted binding site of Erbb4-IR on the genomic

sequence of miR-29b. B: Real-time PCR for expression of miR-29b in diabetic kidney. *P , 0.05; **P , 0.01 compared with week 20 db/m

mice; ##P , 0.01; ###P , 0.001 as indicated. C and D: Real-time PCR for expression of miR-29b in mTEC and mMCs in response to AGE

(100 mg/mL) stimulation at 3 h. ***P , 0.001 compared with NC with BSA control; #P , 0.05 as indicated. E: Dual-luciferase reporter assay

shows that overexpression of Erbb4-IR largely inhibits the reporter activity of miR-29b compared with the empty vector control (pcDNA3.1+),

whereas the inhibitory effect was blocked by the deletion of predicted binding site of Erbb4-IR (pGL3-mutant). Each bar represents the mean6

SEM for groups of six to eight mice. ***P , 0.001 compared with empty vector (pcDNA3.1+) with pGL3-basic; ###P , 0.001 compared with

Erbb4-IR overexpression (Erbb4-IR) with pGL3-miR-29b reporter plasmid as indicated.
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Mechanistically, we found that AEG stimulation clearly
increased Erbb4-IR level in the nuclear of mTECs in vitro,

and a potential binding site of Erbb4-IR is predicted on the

39 UTR of miR-29b genomic sequence (Fig. 8A and Supple-

mentary Figs. 7 and 8). It has been well established that

renal protective miR-29b is involved in the progression of

TGF-b/Smad-dependent renal fibrosis under diabetic and

nondiabetic conditions (11,29). To detect the interaction

of Erbb4-IR and miR-29b, we measured the miR-29b ex-

pression in vivo and in vitro. Real-time PCR showed that

renal miR-29b was largely decreased in db/db mice from the

age of 12 to 20 weeks; but was significantly upregulated by

the silencing of renal Erbb4-IR in vivo (Fig. 8B). Further-

more, consistent responses were also observed in vitro that

addition of AGEs decreased the expression of miR-29b in

mTEC and mMCs that were significantly reversed by the

siRNA-mediated knockdown of Erbb4-IR (Fig. 8C and D).

More importantly, transfection of miR-29b mimic signifi-

cantly suppressed collagen I induction in mTECs with Erb-

b4-IR overexpression in vitro (Supplementary Fig. 9). Finally,

the direct interaction between Erbb4-IR and 39 UTR of miR-

29b genomic sequence was confirmed by dual-luciferase

reporter assay, in which overexpression of full-length Erbb4-IR

dramatically inhibits the miR-29b transcription shown by

the significant reduction in reporter activity (pGL3-miR-

29b), which was blocked by the deletion of predicted Erb-

b4-IR binding site at the 39 UTR miR-29b genomic sequence

(pGL3-mutant), suggesting the inhibitory effect of Erbb4-IR

on miR-29b expression at the transcriptional level (Fig. 8E).

DISCUSSION

In this study, we revealed a pathogenic role of lncRNA

Erbb4-IR in T2DN and elucidated its molecular mechanism

by using a novel T2DN mouse stain in Smad3-KO db/db

mice. Our findings suggested that Erbb4-IR is a Smad3-

dependent profibrotic lncRNA that directly inhibits the

transcription of renoprotective miR-29b, therefore largely

promoting renal fibrosis and renal dysfunction during the

progression of T2DN. Thus, Erbb4-IR may represent a pre-

cise therapeutic target for T2DN.

The lncRNAs are defined as RNAs of .200 nucleotides
without protein coding (30). Recently, perturbation of

lncRNAs expression has begun to provide some insights

into lncRNA function (31). However, the role of lncRNAs

in kidney disease is still largely unknown (17,18,32,33). In

our previous studies, we identified Erbb4-IR is a Smad3-

associated lncRNA related to kidney injury by RNA se-

quencing (20). We found that the sequence of Erbb4-IR is

partially conserved among species including human, it is

a novel lncRNA independent of its host gene Erbb4 (21).

However, its potential function in T2DN is still unexplored.

In the present work, we revealed that Erbb4-IR is markedly

upregulated in T2DN in Smad3-WT db/db mice, but largely

suppressed in Smad3-KO db/db mice. In vitro, we also

revealed that Erbb4-IR was specifically induced by AGEs but

not by high glucose via the Smad3-dependent mechanism

because deletion of Smad3 but not Smad2 blocked AGE-
induced Erbb4-IR expression. More importantly, we

demonstrated that silencing of Erbb4-IR largely inhibited

TGF-b/Smad3-mediated renal fibrosis in vitro and in db/db

mice. In contrast, Erbb4-IR shows no role in the glucose

metabolism, as no significant changes in the FBG, insulin re-

sistance, and glucose tolerance were detected in db/db mice

received Erbb4-IR shRNA treatment. Thus, we identified that

Erbb4-IR has a functional role in renal fibrosis under diabetic
conditions and may represent a therapeutic target for diabetic

kidney disease. Our findings clearly demonstrated the func-

tional importance of lncRNAs in the pathogenesis of T2DN.

The role of TGF-b/Smad signaling pathway in DN has

been clearly characterized by us and other researchers (14,

28). AGEs are able to induce renal fibrosis via the TGF-

b/Smad-mediated fibrotic pathway, targeting Smad7 or

Smad3, which may have therapeutic potential for DN (15).
Based on these works, we have identified a number of Smad3-

dependent miRNAs, such as let-7, antifibrotic miR-29, as well

as profibrotic miR-21 and miR-433 (28). Previously, lncRNA

was suggested as a competing endogenous RNA or a mo-

lecular sponge in modulating the expression and biological

functions of miRNAs (34,35). In the current study, we iden-

tified the working mechanism of Erbb4-IR in T2DN. First,

bioinformatics analysis showed that a physical binding site
of Erbb4-IR is presented in the genomic sequence of miR-

29b. Then we found that expression of miR-29b could be

largely increased by the silencing of Erbb4-IR in vivo and

in vitro. Furthermore, we demonstrated the physical inter-

action between Erbb4-IR and miR-29b 39 UTR genomic se-

quence by dual-luciferase reporter assay. The renoprotective

miR-29 directly targets the 39 UTRs of collagen I and col-

lagen IV, thereby suppressing renal fibrosis (36). Therefore,
silencing of renal Erbb4-IR could repress the expression

levels of collagen I and collagen IV by increasing transcrip-

tion of miR-29b. In this study, we provided further evidence

supporting the use of an noninvasive ultrasound-microbub-

ble–mediated technique in kidney diseases. Targeting renal

Erbb4-IR resulted in improved renal function and inhibited

TGF-b/Smad3-mediated renal fibrosis in db/db mice.

In conclusion, our study proposed that Erbb4-IR is
a Smad3-dependent profibrotic lncRNA, which promotes

the progression of renal fibrosis in T2DN by suppressing

miR-29b transcription. Our findings suggest that targeting

Erbb4-IR may represent a novel and specific therapy for

diabetic kidney disease.
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