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ABSTRACT

TGF-�/Smad3 signaling promotes fibrosis, but the development of therapeutic interventions involving

this pathway will require the identification and ultimate targeting of downstream fibrosis-specific genes.

In this study, using a microRNA microarray and real-time PCR, wild-type mice had reduced expression of

miR-29 along with the development of progressive renal fibrosis in obstructive nephropathy. In contrast,

Smad3 knockout mice had increased expression of miR-29 along with the absence of renal fibrosis in the

same model of obstruction. In cultured fibroblasts and tubular epithelial cells, Smad3 mediated TGF-

�1-induced downregulation of miR-29 by binding to the promoter of miR-29. Furthermore, miR-29 acted

as a downstream inhibitor and therapeutic microRNA for TGF-�/Smad3-mediated fibrosis. In vitro,

overexpression of miR-29b inhibited, but knockdown of miR-29 enhanced, TGF-�1-induced expression of

collagens I and III by renal tubular cells. Ultrasound-mediated gene delivery of miR-29b either before or

after established obstructive nephropathy blocked progressive renal fibrosis. In conclusion, miR-29 is a

downstream inhibitor of TGF-�/Smad3-mediated fibrosis and may have therapeutic potential for dis-

eases involving fibrosis.
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Tissue scarring or fibrosis is a hallmark and final

pathway leading to end-stage kidney disease. It is

now clear that TGF-�1 is a key mediator and medi-

ates renal fibrosis by activating its downstream me-

diators, Smad2 and Smad3, which are negatively

regulated by the inhibitor Smad7.1,2 Recent studies

revealed that Smad3, but not Smad2, is a key signal-

ing pathway of fibrogenesis in response to many

fibrogenic mediators such as TGF-�1, angioten-

sin II, and advanced glycation end products.2– 6

This is supported by the findings that mice lack-

ing Smad3 are protected against fibrosis in many

disease models, including irradiative skin disor-

der, ischemic and hypertensive cardiac remodel-

ing, bleomycin-induced pulmonary fibrosis, di-

methylnitrosamine-induced hepatic fibrosis, and

unilateral ureteral obstructive (UUO) nephropa-

thy.7–12 In contrast, conditional deletion of Smad2

from the kidney enhances renal fibrosis.6 The criti-

cal role for TGF-�/Smad signaling in fibrogenesis is

further demonstrated by the finding that forced ex-

pression of Smad7 within the tissues inhibits, but

loss of Smad7 promotes, fibrosis in a variety of dis-

ease models.13–17 However, mice lacking either

TGF-�1 or Smad3 have impaired immunity, which

results in deathly inflammation in multiple organs

or the development of autoimmune disease.18 –21

Lessons learned from the knockout mice strongly
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indicate that strategies aimed to prevent or treat fibrosis need

to precisely target the downstream specific gene(s) of TGF-�/

Smad signaling that directly regulates fibrosis rather than block

the general effects of the TGF-� signaling pathway.

A recent discovery of microRNAs (miRNAs) as key regula-

tors in the pathophysiological process of many diseases includ-

ing cancers, metabolic diseases, neurologic disorders, infec-

tious diseases, and other illness led us to hypothesize that

TGF-�1 may mediate fibrosis by regulating Smad3-dependent

miRNAs that are specifically involved in fibrosis. Increasing

evidence shows that the miR-29 family is the best characterized

miRNA associated with TGF-�1-mediated

fibrosis.22–25 Indeed, miR-29 is downregu-

lated by TGF-�1 in vitro and in the fibrotic

tissues after cardiac infarction,22 bleomy-

cin-induced systemic sclerosis and pulmo-

nary fibrosis,23,24 and carbon tetrachloride-

induced hepatic fibrogenesis.25 However,

expression of miR-29 and the functional

importance of miR-29 in renal fibrosis re-

main unexplored. Furthermore, the signal-

ing mechanisms through which TGF-�1

regulates miR-29 expression are unknown.

On the basis of the known role of Smad3 in

fibrosis,2–12 we therefore hypothesized that

miR-29 may be negatively regulated by

TGF-�/Smad3 signaling and may function

as a downstream inhibitor of TGF-�/

Smad3-mediated fibrosis. This study ex-

amined this hypothesis in cells lacking

Smad3 and in a well characterized progres-

sive renal-fibrosis mouse model of UUO

nephropathy induced in Smad3 knockout

(KO) mice. Furthermore, the functional

role and therapeutic potential for miR-29

in the fibrogenesis were determined in vitro

by overexpression or knockdown of

miR-29 and in vivo in a mouse model of

UUO nephropathy using the ultrasound-

microbubble-mediated inducible miR-29b

gene transfer.

RESULTS

miR-29 Is Lost with Progressive Renal

Fibrosis in Smad3 WT Mice, but

Increased with Protection against

Renal Fibrosis in Smad3 KO Mice in

UUO Nephropathy

To determine whether miR-29 is regulated

by Smad3 during fibrogenesis, we first ex-

amined the miRNA expression profile in a

well characterized renal fibrosis mouse

model of UUO nephropathy induced in

Smad3 wild-type (WT) and KO mice by miRNA microarray

and real-time PCR. As shown in Figure 1 (A and B), com-

pared with normal controls, miRNA microarray detected

that a number of miRNAs such as miR-192, miR-216a, miR-

547, miR-682, miR-294, and miR21 were significantly in-

creased in Smad3 WT mice with severe renal fibrosis but lost

in Smad3 KO mice in which renal fibrosis was protected as

described previously.12 In contrast, many miRNAs were

markedly downregulated in the UUO kidney of Smad3 WT

mice but significantly increased in Smad3 KO mice. Of

them, the miR-29 family including miR-29a, miR-29b, and

Figure 1. miRNA array and real-time PCR detect that the miR-29 family is lost in the UUO
kidney of Smad3 WT, but increases in Smad3 KO mice. (A) miRNA expression profile in the
UUO kidney of Smad3 WT and KO mice. (B) List of fold changes of miRNAs in the UUO
kidney in Smad3 WT and KO mice. The data are normalized to normal Smad3 WT or KO
mice. (C) Real-time PCR results of miR-29 family members expression in Smad3 WT and
KO mice. Each bar represents the mean � SEM for at least five mice. *P � 0.05, **P � 0.01,
***P � 0.001 versus normal mice; #P � 0.05, ##P � 0.01, ###P � 0.001 versus Smad3 WT
UUO.
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miR-29c was of particular interest, prov-

ing to be consistently decreased in the fi-

brotic kidney of Smad3 WT mice and sig-

nificantly increased in Smad3 KO mice in

the absence of severe renal fibrosis as pre-

viously reported.12 Changes of miR-29

expression profiles were further con-

firmed by quantitative real-time PCR

(Figure 1C). Consistent with the finding

by miRNA microarray, miR-29a and

miR-29b were lost in the UUO kidney of

Smad3 WT mice but significantly up-

regulated in Smad3 KO mice, although

the change of miR-29c was marginally

significant. Nevertheless, in the fibrotic

kidney, deletion of Smad3 prevented a

loss of miR-29 a,b,c family in the UUO

kidney. These results suggest that TGF-�

may regulate miR-29 expression during

renal fibrosis via the Smad3-dependent

mechanism.

miR-29 Expression Is Negatively

Regulated by TGF-�/Smad3, Not

Smad2, Signaling

We next investigated the signaling mecha-

nisms by which TGF-�1 regulates miR-29

expression. Because miR-29b-1 is coex-

pressed with miR-29a, whereas miR-29b

(miR-29b-2) is coexpressed with miR-

29c,22 miR-29b was used as a representative

miRNA of the miR-29 family member for

the entire study in vitro and in vivo. As

shown in Figure 2A, TGF-�-induced loss

of miR-29b expression was negatively reg-

ulated by Smad3, but not Smad2, because

the addition of TGF-�1 caused remarkably

lower levels of miR-29b in Smad2 WT,

Smad2KO, and Smad3 WT mouse embry-

onic fibroblast (MEF). In contrast, MEF

lacking Smad3 enhanced miR-29b expres-

sion in response to TGF-�1. Further stud-

ies revealed that TGF-�1-induced down-

regulation of miR-29b was associated with

a significant upregulation of collagen I and

III in Smad3 WT MEF but absent in Smad3

KO MEF (Figure 2, B and C). Because we

have previously shown that MEF cells lack-

ing Smad2 largely enhance TGF-�1-in-

duced collagen I and III expression,6 the

effect of deleting Smad2 on collagen expression was not shown

in this study.

The regulating role of Smad3 in miR-29b expression during

fibrosis in response to TGF-�1 was also examined in a stable

Smad3 knockdown (KD) kidney tubular epithelial cell (TEC)

line (NRK52E), another key cell type in tubulointerstitial fi-

brosis. The results shown in Figure 2 (D through F) clearly

revealed that TGF-�1 downregulated miR-29b and upregu-

lated collagen I and collagen III by NRK52E cells, which was

prevented by knocking down Smad3.

Figure 2. TGF-�1 downregulates miR-29b and upregulates collagen I and III expres-
sion via the Smad3-dependent, not Smad2-dependent, mechanism. (A) Real-time PCR
shows that TGF-�1 downregulates miR-29b expression in Smad3 WT, which is en-
hanced in Smad3 KO MEF. In contrast, MEF lacking Smad2 shows no protective effect
on TGF-�1-downregulated miR-29b expression. (B and C) Collagen I and III mRNA
expression in Smad3 WT and KO MEF in response to TGF-�1 (2 ng/ml). (D) Real-time
PCR and Western blot analysis detect that Smad3 is significantly deleted from NRK52E
cells that are stably expressed Smad3 siRNA. (E) Real-time PCR shows that TGF-�1
downregulates miR-29b expression in NRK52E cells, which is significantly enhanced in
Smad3 knockdown NRK52E cells when compared with empty vector control NRK52E
cells. (F and G) Collagen I and III mRNA expression in Smad3 KD and control NRK52E
cells. Each bar represents the mean � SEM for at least four independent experiments.
*P � 0.05, **P � 0.01, ***P � 0.001 versus baseline levels; #P � 0.05, ##P � 0.01,
###P � 0.001 versus Smad3 KO or KD cells or as indicated. CTL, control.
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Smad3 Interacts with miR-29b Promoter

We next examined whether miR-29 is a target gene of Smad3

by examining the potential Smad-binding site in miR-29b pro-

moter using rVista 2.0 (http://rvista.dcode.org/). As shown in

Figure 3A, there was a potential binding site in a highly con-

served region �22 kb upstream of miR-29b2. Sequence anal-

ysis revealed a Smad response element (TGTCAGTCT) located

in this region, which is conserved in rat, mouse, and human

miR-29b2 promoters (Figure 3A).

By using a chromatin immunoprecipitation (ChIP) assay,

we also detected that Smad3 interacted with the miR-29b2 pro-

moter, and this interaction was markedly increased after

TGF-�1 treatment (Figure 3B), indicating that miR-29b may

be a transcriptional target of TGF-�/Smad 3 signaling.

Overexpression of miR-29b Inhibits, but Knockdown

of miR-29b Enhances, TGF-�-induced Collagen I and

III, but Not Alpha-Smooth Muscle Actin (�-SMA)

Expression in Vitro

To study the functional role of miR-29 in fibrosis, overexpres-

sion or knockdown of miR-29b was carried out in vitro in MEF

and NRK52E cells in which miR-29b expression was induced

by the addition of doxycycline (Dox) but knocked down with

pSuper-sh-miR-29b plasmids. Real-time PCR and Western

blot analysis demonstrated that Dox-induced miR-29b over-

expression in MEF virtually blocked TGF-�1-induced collagen

I and III mRNA and protein expression (Figure 4). In contrast,

knockdown of miR-29b in MEF largely enhanced collagen I

and III expression (Figure 5). Similar results were also found in

NRK52E TEC cells as shown in Figure 6.

Interestingly, knockdown of miR-29b also resulted in a sig-

nificant upregulation of basal levels of collagen I and III ex-

pression by both MEF and NRK52E cells (Figures 5 and 6B).

However, overexpression or knockdown of miR-29b in both

MEF and NRK52E cells did not alter the expression patterns of

�-SMA under normal or high TGF-�1 conditions (Figures 4

through 6).

Gene Transfer of miR-29 Prevents Renal Fibrosis in a

Mouse Model of Obstructive Nephropathy

We next determined the functional role of miR-29 in TGF-

�/Smad3-mediated fibrosis in a mouse model of obstructive

nephropathy in which progressive renal fibrosis is Smad3-

dependent.12 The Dox-inducible miR-29b-expressing plas-

mid system (pTet-on and pTRE2-miR-29b) was transfected

into the normal left kidney of mouse using an established ul-

trasound-microbubble-mediated gene transfer technique, fol-

lowed immediately by ligating the left ureter to induce UUO

nephropathy as described previously.14 The results in Figures 7

and 8 clearly illustrate that progressive renal fibrosis in UUO

nephropathy was associated with a loss of miR-29b. In con-

trast, miR-29b gene transfer resulted in higher levels of miR-

29b transgene expression within the kidney and therefore pre-

vented progressive renal fibrosis at day 7 after UUO. By in situ

hybridization, moderate miR-29b was constitutively expressed

by all glomerular and tubulointerstitial cells in normal mouse

kidneys (Figure 7Ai) but was largely reduced in the fibrotic

kidney at day 7 after UUO (Figure 7Aiii). Ultrasound-micro-

bubble-mediated miR-29b gene transfer resulted in higher levels

of miR-29b expression by all kidney cell types, particularly in mes-

angial cells, arterial wall, and TEC (Figure 7Aii), thereby prevent-

ing a loss of miR-29 from the UUO kidney at day 7 (Figure 7Aiv),

and therefore attenuated progressive renal fibrosis as determined

at the histologic level by Masson trichrome staining (Figure 7B), at

mRNA levels by real-time PCR (Figure 7C), and at protein levels

by immunohistochemistry and Western blot analysis (Figure 8).

Interestingly, ultrasound-mediated miR-29 gene transfer did not

alter high levels of �-SMA expression and �-SMA� myofibro-

blast accumulation in the UUO kidney (Figures 7C and 8). The

results obtained from this study indicated that overexpression of

miR-29 at the time of disease induction was able to prevent renal

fibrosis in the UUO nephropathy.

miR-29 Has Therapeutic Effect on Renal Fibrosis in the

Established UUO Nephropathy

We further determined whether miR-29 has therapeutic po-

tential for renal fibrosis. This was examined in the established

Figure 3. Smad3 interacts with miR-29b2 promoter. (A) Se-
quence analysis shows that a Smad3-binding site (SBS) locates at
the promoter region 22 kb upstream of miR-29b2. DNA sequence
alignments indicate a highly conserved binding site between
species. (B) ChIP assay shows that Smad3 physically binds miR-
29b2 promoter in response to TGF-�1 (2 ng/ml for 24 hours).
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UUO nephropathy in which miR-29b mimic was transfected

into the UUO kidney at day 4 after the UUO nephropathy. In

both UUO and control-treated animals, a rapid progression of

renal fibrosis was associated with a progressive loss of miR-29

over the 10-day disease course (Figure 9A). Excitingly, miR-

29b gene therapy at day 4 after UUO prevented a progressive

loss of miR-29b (Figure 9A), thereby inhibiting progressive

tubulointerstitial fibrosis from day 4 onwards as demonstrated

by blocking tubulointerstitial fibrosis (Figure 9B), collagen I

and collagen III mRNA expression, and protein accumulation

(Figures 9, C through G, and 10). However, gene therapy with

miR-29b from day 4 after UUO did not reverse the severity of

renal fibrosis, because all of the fibrosis parameters were com-

parable between day 4 before treatment and day 10 after treat-

ment (Figures 9 and 10). Again, miR-29

treatment did not alter �-SMA mRNA

expression and �-SMA� myofibroblast

accumulation in the established UUO

nephropathy (Figure 11).

DISCUSSION

Fibrosis is a hallmark of end-stage renal

disease and is a major cause of therapeu-

tic failure. Although TGF-�/Smad3 has

been considered as a major pathway for

fibrogenesis,1,2 the diverse roles of this

pathway in fibrosis and immunity have

hampered the development of anti-

TGF-� treatment in general. Thus,

treatment for fibrosis should aim to

specifically target the TGF-�/Smad3-

dependent genes that are directly in-

volved in fibrogenesis rather than

block the general effect of the TGF-�/

Smad signaling pathway. In this study,

we identified that miR-29 was a down-

stream target gene of TGF-�/Smad3 in

fibrosis and was negatively regulated by

TGF-�/Smad3, not Smad2. More im-

portantly, we also found that miR-29

acted as a downstream inhibitor of TGF-

�/Smad3-mediated fibrosis and had the

therapeutic potential for disease associ-

ated with fibrosis. Results from this study

demonstrated that, in the context of fi-

brosis, targeting the Smad3-miR-29 axis

may represent a novel and specific ther-

apy for a wide range of diseases associ-

ated with fibrosis.

Although miR-29 is reduced in re-

sponse to TGF-�1 and in scar tissues as-

sociated with cardiac infarction,22 bleo-

mycin-induced systemic sclerosis and

pulmonary fibrosis,23,24 and carbon tetrachloride-induced he-

patic fibrosis,25 the signaling mechanism through which

TGF-�1 regulates miR-29 expression remains unclear. In this

study, we found that TGF-�1 negatively regulated miR-29 ex-

pression during fibrogenesis via the signaling mechanism of

Smad3, not Smad2. By using miRNA microarray and real-time

PCR, we found that miR-29 a,b,c family members were sub-

stantially reduced in the fibrotic kidney of UUO nephropathy

in Smad3 WT mice but were significantly increased in Smad3

KO mice in which renal fibrosis was absent as a result of a lack

Smad3.12 These findings strongly indicate that renal fibrosis is

associated with a loss of miR-29 that is mediated by a TGF-�/

Smad3-dependent mechanism. This was further confirmed in

vitro in both MEF and TEC lacking Smad3. Similar to previous

Figure 4. Overexpression of miR-29b in MEF cells inhibits TGF-�1-induced collagen I
and III, but not �-SMA expression. (A) Real-time PCR. (B) Western blotting. The results
show that the addition of doxycycline (DOX, 2 �g/ml for 24 hours) induces miR-29b
expression in a Dox-inducible miR-29b expressing MEF cells (Smad3WT), thereby block-
ing TGF-b1 (2 ng/ml)-induced collagen I and III expression. Note that overexpression of
miR-29b has no effect on �-SMA expression. Each bar represents the mean � SEM for at
least four independent experiments. *P � 0.05, **P � 0.01, ***P � 0.001 versus baseline
levels; #P � 0.05, ##P � 0.01, ###P � 0.001 versus nondoxycycline-treated cells.
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studies in fibroblasts from heart, lung, skin, and hepatic stellate

cells,22–25 we also detected that the addition of TGF-�1 largely

reduced miR-29b expression in Smad3 WT MEF and TEC,

which was associated with a marked upregulation of collagen I

and III. In contrast, deletion of Smad3 enhanced miR-29b ex-

pression, thereby inhibiting collagen matrix expression by

MEF and TEC. Interestingly, disruption of Smad2 from MEF

cells did not alter the lower level of TGF-�1-induced miR-29b

expression, indicating that TGF-�1 downregulates miR-29 ex-

pression via the mechanism of Smad3, not Smad2. The finding

that Smad3, not Smad2, negatively regulates miR-29 expres-

sion may be associated with the ability of Smad3, not Smad2, to

bind DNA sequence directly through its MH1 domain.26 Fur-

ther evidence supporting the interaction of Smad3 with

miR-29 came from the findings that at

least two conserved Smad3-binding sites

were found in the promoter region of

miR-29 and that Smad3 was able to in-

teract with the miR-29 promoter region

as detected by the ChIP assay. The tran-

scriptional start site and the promoter

region of miR-29 have been clearly

identified with �20 kb upstream from

the miR-29b/c cluster on chromosome

1 and have been shown to be able to

interact with the NF-�B-YY1 pathway

to regulate differentiation of skeletal

muscle progenitor cells.27 In this study,

we also identified miR-29 as a target of

Smad3, and TGF-�/Smad3 is an essential

signaling mechanism negatively regulat-

ing miR-29 expression during fibrogen-

esis. The specific regulatory role of

Smad3, not Smad2, in downregulation of

miR-29 may explain our recent finding

that Smad3, not Smad2, mediates angio-

tensin II-induced cardiovascular remod-

eling and renal fibrosis,2– 4 in advanced

glycation end product-mediated diabetic

renal fibrosis,5 and in a mouse model of

UUO nephropathy.6

An interesting observation from this

study is that cells lacking Smad3 were

promoted expression of miR-29 in re-

sponse to TGF-�1, suggesting a Smad3-

independent TGF-� signaling mecha-

nism in positively regulating miR-29

expression when Smad3 is absent. In-

deed, the regulating network of microR-

NAs is complicated. Different genes can

be regulated by a single microRNA, and a

single microRNA can regulate many dif-

ferent genes. Thus, Smad3 may act as a

suppressive gene to negatively regulate

miR-29 expression during TGF-�-medi-

ated fibrosis, but deletion of Smad3 may also promote some

other genes/factors that can positively regulate miR-29 expres-

sion via either direct or indirect mechanisms, which is compli-

cated and requires further investigation.

This study also demonstrated that miR-29 negatively regu-

lated fibrosis by targeting the process of collagen matrix syn-

thesis rather than by inhibiting myofibroblast accumulation.

This was evidenced by the fact that overexpression of miR-29b

suppressed, but knockdown of miR-29b enhanced, TGF-�1-

induced collagen I and collagen III expression without altering

�-SMA expression by MEF and TEC. Similarly, overexpres-

sion of miR-29b in the UUO kidney also blocked collagen I and

III matrix deposition without the inhibitory effect on �-SMA

expression and myofibroblast accumulation. The selective ef-

Figure 5. Knockdown of miR-29b in MEF cells enhances TGF-�1-induced collagen I and
III expression but not �-SMA expression. (A) Real-time PCR. (B) Western blotting. The
results show that stable knockdown of miR-29b in MEF cells (Smad3WT) significantly
enhances TGF-�1 (2 ng/ml)-induced collagen I and III expression but not �-SMA expres-
sion. Note that knockdown of miR-29b also significantly enhances constitutive levels of
collagen I and III mRNA and protein expression without TGF-�1 stimulation. Each bar
represents the mean � SEM for at least four independent experiments. *P � 0.05, **P �

0.01, ***P � 0.001 versus baseline levels; #P � 0.05, ##P � 0.01, ###P � 0.001 versus
control cells. CTL, control.
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fect of miR-29 on controlling collagen matrix expression with-

out influencing �-SMA expression and myofibroblast accu-

mulation may be associated with the ability of miR-29 to

specifically target extracellular matrix including collagen I,

collagen III, fibrilin, and elastin,22–25 but not �-SMA, be-

cause no miR-29-binding sites were detected on �-SMA

3y�-untranslated region by the programs with Targetscan

(http://targetscan.org), miRanda (http://www.microrna.

org/microrna/home.do), and PicTar (http://pictar.mdc-berlin.

de). Thus, a loss of miR-29 impairs the suppressive effect on

collagen matrix expression. This may explain why TGF-�-

induced further collagen I and III expression in cells when

miR-29 was disrupted. Moreover, TGF-�1 is also capable of

inducing collagen synthesis via a miR-29-independent mech-

anism. Recent studies in TGF-�-induced

miR-192 to mediate renal fibrosis sup-

port this notion.28,29

The most significant finding in this study

was the successful development of ultra-

sound-microbubble-mediatedmiR-29ther-

apy for renal fibrosis in both the induction

phase and established UUO nephropathy in

mice. By using antisense inhibitor oligonu-

cleotides (AMO), miRNA-based therapy has

produced favorable therapeutic results in

cardiovascular diseases.30–32 However, the

lower level of tissue uptake of AMO is a key

obstacle in developing the AMO strategy for

clinical use. We have previously shown that

the use of ultrasound-microbubble-medi-

ated gene transfer is able to highly transfect

the Dox-inducible Smad7 gene into the

kidney to block activation of TGF-�/

Smad signaling, thereby inhibiting pro-

gressive renal fibrosis in rat models of

UUO nephropathy and remnant kidney

disease without notable side effects.14,15

In this study, we developed this technol-

ogy to effectively deliver Dox-inducible

miR-29 plasmids into both normal and

diseased kidney in which higher levels of

miR-29 transgene were expressed by all

kidney cell types, particularly by mesan-

gial cells, arterial wall, and TEC as de-

tected by in situ hybridization as well as

by real-time PCR. Another advantage us-

ing this inducible technique is that the

expression level of miR-29 within the

kidney could be tightly controlled by

the addition of doses of Dox in the drink-

ing water. To avoid the potential side ef-

fect caused by overexpression of miR-29,

we controlled miR-29 expression within

the normal level with the addition of Dox

at a dose of 200 �g/ml in the daily drink-

ing water as determined by real-time PCR. Thus, by using the

ultrasound-based miRNA therapy system, we not only ex-

pressed miR-29 in the normal kidney to prevent renal fibrosis

after the UUO, we were also able to restore miR-29 to the

normal level within the fibrotic kidney, thereby inhibiting pro-

gressive renal fibrosis in the established UUO nephropathy.

Outcomes from this study demonstrated that miR-29 is a ther-

apeutic agent for fibrosis and that the ultrasound-micro-

bubble-mediated system is a safe and effective method for the

miRNA-based therapy in general.

In conclusion, this study reveals that miR-29 was negatively

regulated by TGF-� via the Smad3, not Smad2, signaling path-

way, which is a novel signaling mechanism in the complex

process of fibrosis in vivo and in vitro. Furthermore, we also

Figure 6. Overexpression of miR-29b inhibits, but knockdown of miR-29b promotes,
TGF-�1-induced collagen I and III expression by NRK52E cells. (A) Real-time PCR shows
that addition of doxycycline (DOX, 2 �g/ml for 24 hours) induces miR-29b expression in
a Dox-inducible miR-29b expressing NRK52E tubular epithelial cell line, thereby blocking
TGF-�1 (2 ng/ml)-induced collagen I and III mRNA expression. (B) In contrast, stable
knockdown of miR-29� in NRK52E cells significantly enhances TGF-�1 (2 ng/ml)-induced
collagen I and III mRNA expression. Note that the change in miR-29b expression has no
effect on �-SMA expression. Each bar represents the mean � SEM for at least four
independent experiments. *P � 0.05, **P � 0.01, ***P � 0.001 versus baseline levels;
#P � 0.05, ##P � 0.01, ###P � 0.001 versus nondoxycycline-treated cells or vector
control cells (CTL).
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find that miR-29 was a downstream inhibitor of TGF-�/

Smad3-mediated fibrosis by specifically targeting the collagen

type of extracellular matrix synthesis. Thus, in the context of

fibrosis, the Smad3-miR-29 axis may represent a therapeutic

target related to fibrosis. This was proven by the ability of re-

stored miR-29 in the fibrotic kidney to

block progressive renal fibrosis in the es-

tablished UUO nephropathy in mice,

providing the first evidence for miR-29

as a therapeutic agent for fibrosis. The

success in the development of miR-29

as an anti-fibrosis therapy strategy is

largely dependent upon the use of the

ultrasound-microbubble technique to

effectively deliver the Dox-inducible

miR-29 into the diseased kidney.

Therefore, ultrasound-microbubble-

mediated inducible miR-29 may repre-

sent a novel and effective therapy for a

wide range of diseases associated with

fibrosis.

CONCISE METHODS

MicroRNA Microarray and

Quantitative Reverse Transcription

PCR (qRT-PCR)
MicroRNA profiles in fibrotic kidneys were

examined by microarray assays in groups of

six normal and UUO kidneys in Smad3 WT

or KO mice using a TaqMan MicroRNA RT

kit with Multiplex RT rodent primer pool

(Applied Biosystems) as described previ-

ously.28 miRNA TaqMan assays were per-

formed using a 7900 HT Fast real-time

PCR system (Applied Biosystems). Relative

quantification was performed using the ��Ct

method. The data were normalized with U6

and RNU48 (Applied Biosystems) as endoge-

nous control and then analyzed with real-

time StatMiner (Integromics, Madrid,

Spain).

Cell Culture
To dissect the specific role and mechanisms

through which TGF-�1 signals to Smad2

and or Smad3 to regulate miR-29 expres-

sion, characterized MEF lacking Smad2 or

Smad3 were used for this study.33 This is

because renal fibroblasts lacking Smad2 are

not available because of the embryonic le-

thality of Smad2 KO mice, although Smad3

KO mice survive.6,7 The stable cell lines

with Smad2 or Smad3 gene knockdown in

NRK52E were generated and characterized as described previ-

ously.4 – 6 Recombinant human TGF-�1 at a dose of 2 ng/ml (R&D

Systems, Minneapolis, MN) was added into the cell culture to in-

duce fibrosis responses. At least four independent experiments

were performed throughout the study.

Figure 7. Ultrasound-microbubble-mediated miR-29b gene transfer prevents renal fibro-
sis in a mouse model of UUO nephropathy at day 7. (A) In situ hybridization shows that
moderate expression of miR-29b is found in normal glomerular and tubulointerstitial cells
(i) and is largely enhanced by ultrasound-mediated miR-29 transfer, resulting in higher
levels of miR-29b expression, particularly by mesangial cells (arrowheads), arterial wall,
and TEC (ii). In the UUO kidney treated with control plasmid, miR-29 expression is largely
reduced (iii) but is remarkably increased with ultrasound-mediated miR-29 gene therapy
(iv). (v and vi) Scramble control. (B) Masson trichrome stain detects that severe renal
fibrosis (green materials) is developed in the control-treated UUO kidney but largely
reduced in the UUO kidney treated with miR-29. (C) Real-time PCR shows that miR-29
gene therapy prevents reduction of miR-29, thereby inhibiting collagen I and III but not
�-SMA mRNA expression. Each bar represents the mean � SEM for at least six mice. *P �

0.05, **P � 0.01, ***P � 0.001 versus normal mice; #P � 0.05, ##P � 0.01, ###P � 0.001
versus control vector (CV)-treated mice. Magnifications, �900 (A, i and ii); �200 (A, iii
through vi and B).
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ChIP Analysis
ChIP assay was performed by transcription factor ChIP kit (Diagenode,

Liège, Belgium) as described previously.28 In brief, Smad3 WT and KO

MEFs pretreated with TGF-�1 were firstly cross-linked with 1% formal-

dehyde for 10 minutes at 37°C, then quenched with glycine, and soni-

cated using a Bioruptor (Diagenode) to generate 300- to 600-bp DNA

fragments. Immunoprecipitation was performed with Smad3 antibody

(Upstate), and normal isotype IgG was used as a control. Precipitated

DNAs were detected by PCR using specific primers: 5�-TGCT-

TGGGAAGGTAAGGATG-3� and 5�-TTCCCCCAGTACAAGACA-

GC-3� as described previously.28

Establishment of Doxycycline-inducible miR-29 Stable

Cell Lines
A Dox-regulated miR-29b expressing plasmid was prepared using

Tet-on system plasmids. Briefly, a murine miR-29b1 cDNA was am-

plified by PCR with the forward primer 5�-gac acG GAT CCa aTG

TAA GCC TCG TGC TCA CTG-3� and the

reverse primer 5�-gac ttc tcg aGT CGA Caa

GGT CAT GTG CAC TGG GAA G-3� (un-

derlined: BamHI and SalI sites, respectively).

The PCR-amplified product was subse-

quently cloned into a tetracycline-inducible

vector, pTRE2-hygro (Clontech) to obtain

pTRE2-miR-29b. To achieve Dox-induced

miR-29b transgene expression, pTRE2-

miR-29b and pEFpuro-p-Tet-on were

cotransfected into MEF and NRK52E cells

using Lipofectamine LTX (Invitrogen).

Dox-induced miR-29b overexpression cell

lines were selected by coculture with puro-

mycin and hygromycin. The cells were then

treated with TGF-�1 to induce fibrosis re-

sponses. At least four independent experi-

ments were performed throughout the

study.

Establishment of Smad3 or miR-29b

Knockdown Stable Cell Lines
To delineate the regulating role of Smad3 in

TGF-�1-induced miR-29 expression, NRK52E

cells that stably expressed Smad3 siRNA were

used as described previously.4,5 To establish

miR-29b knockdown stable cell line, the gene-

specific insert sequences for miR-29b1 (sense:

TAG TGA TTG TCT AGC ACC ATT and anti-

sense: AAT GGT GCT AGA CAA TCA CTA)

and miR-29b2 (sense: ATC TTT GTA TCT

AGC ACC ATT and antisense: AAT GGT GCT

AGA TAC AAA GAT) were synthesized and

subcloned into pSuper-puro and pSuper-

neo vectors (OligoEngine, Seattle, WA) to

generate pSuper-miR-29b RNA interfer-

ence constructs according to the manufac-

turer’s instructions. The vector allows di-

rect synthesis of small hairpin RNA

transcripts, which targets stem loop region of premiRNA. A siRNA

with no predicted target site in the rat genome was inserted into

pSUPER-puro and served as a negative control. The pSuper plas-

mids were then transfected into MEF and NRK52E using Lipofac-

tamine LTX (Invitrogen) and then subjected to G418 and puromy-

cin selection. The expression of miR-29b was determined by real-

time PCR. Stable cell lines were treated with TGF-�1 to induce

fibrosis responses. At least four independent experiments were

performed throughout the study.

Unilateral Urethral Obstruction Model and Ultrasound-

mediated Gene Transfer of Inducible miR-29b
A well characterized mouse UUO model was induced in male

C57BL/6J mice (age, 6 to 8 weeks; 20 to 25 g) by ligation of the left

ureter as previously reported.6,14,17 Immediately after ligation, 200 �l

of the mixture of pTRE2-miR-29b (200 �g)-Tet-on plasmids/Son-

Figure 8. Ultrasound-microbubble-mediated miR-29b gene transfer prevents renal fibro-
sis in a mouse model of UUO nephropathy at day 7. (A) Immunohistochemistry. (B)
Western blotting. The results show that ultrasound-mediated miR-29 gene therapy
inhibits collagen I and III expression and deposition, but not �-SMA expression and
myofibroblast accumulation in the UUO kidney. Each micrograph or bar represents the
mean � SEM for at least six mice. *P � 0.05, **P � 0.01, ***P � 0.001 versus normal
mice; ###P � 0.001 versus control vector (CV)-treated mice. Magnification, �100.
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ovue (Bracco Diagnostics, Princeton, NJ) in a 1:1 ratio (volume:vol-

ume) or the control empty vectors (pTRE2-Tet-on/Sonovue) were

injected into tail vein, followed by 4 minutes of ultrasound treatment

(2 W/cm2) by placing the ultrasound probe on the skin opposite to the

kidney as described previously.5 For interventional study, ultrasound-

mediated gene transfer was carried out at the 4th day after UUO. To

induce miR-29b transgene expression, a dose

of Dox (200 �l) with a concentration of 200

�g/ml was administered into the peritoneal

cavity immediately after ultrasound-medi-

ated gene transfer and followed by additional

Dox in drinking water (200 �g/ml) during

the entire study period. Groups of eight

mice were euthanized 7 days after gene

transfer. In addition, groups of eight UUO

mice without ultrasound treatment were

euthanized at 4th and 10th days as disease

control, and eight normal age-matched

mice were used as normal control. The ex-

perimental procedure was approved by the

Animal Experimentation Ethics Commit-

tee at The Chinese University of Hong

Kong.

RNA Extraction and Real-Time PCR

Examination
Total RNA was isolated from the cultured

cells and kidney tissues using Tri-Reagent

(Qiagen, Valencia, CA) according to the

manufacturer’s instructions. Real-time PCR

for miR-29a,b,c was performed using Taq-

Man microRNA assay kit (Applied Biosys-

tems) with U6 as endogenous control and

Bio-Rad iQ SYBR Green supermix with Op-

ticon2 (Bio-Rad, Hercules, CA) as described

previously.4,6,28 The primers used in this

study, including mouse and rat collagen I,

collagen III, �-SMA, Smad3, and GAPDH,

were described previously.4 – 6 The ratio for

the mRNA interested was normalized with

internal controls (U6 or GAPDH) and ex-

pressed as the mean � SEM.

Immunohistochemistry
Immunohistochemistry was performed in

paraffin sections using a microwave-based

antigen retrieval technique.4 – 6 The antibod-

ies used in this study included collagen I, col-

lagen III (Southern Tech, Birmingham, AL),

and �-SMA (Sigma). After immunostaining,

the sections were counterstained with hema-

toxylin. Percentages of positive staining area

were quantified using the Image-Pro plus

software (Media Cybernetics, Bethesda, MD)

as described previously.5,6

Western Blot Analysis
Protein from kidney tissues and cultured cells were extracted with

radioimmune precipitation assay lysis buffer, and Western blot anal-

ysis was performed as described previously.4 – 6 After blocking non-

specific binding with 5% BSA, the membranes were then incubated

Figure 9. Ultrasound-microbubble-mediated miR-29b gene transfer holds progressive
renal fibrosis in an established mouse model of UUO nephropathy at day 10. (A) Real-time
PCR for miR-29b expression. (B) Masson trichrome stain. (C) Immunohistochemistry for
collagen I deposition. (D) Quantitative analysis of collagen I deposition within the UUO
kidney. (E) Real-time PCR for collagen I mRNA expression. (F) Western blotting (WB). (G)
Quantitative analysis of collagen I expression by Western blotting. The results show that
ultrasound-mediated miR-29b gene therapy from day 4 of UUO restores the loss of
miR-29b and holds progressive renal fibrosis such as collagen I expression and disposi-
tion as determined by histology, immunohistochemistry, real-time PCR, and Western
blotting. Each micrograph or bar represents the mean � SEM for at least six mice. *P �

0.05, ***P � 0.001 versus normal mice; ##P � 0.01, ###P � 0.001 versus control vector
(CV)-treated mice or as indicated. Magnification, �200. IHC, immunohistochemistry.
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Figure 10. Ultrasound-microbubble-medi-
ated miR-29b gene transfer blocks collagen III
expression in an established mouse model of
UUO nephropathy at day 10. (A) Immunohis-
tochemistry for collagen III deposition. (B)
Quantitative analysis of collagen III deposition
within the UUO kidney. (C) Real-time PCR for
collagen III mRNA expression. (D) Western
blotting (WB) for collagen III expression. (E)
Quantitative analysis of collagen III expression
detected by Western blotting. The results
show that ultrasound-mediated miR-29b
gene therapy from day 4 of UUO holds pro-
gressive renal fibrosis such as collagen III ex-
pression and disposition as determined by
immunohistochemistry, real-time PCR, and
Western blotting. Each micrograph or bar
represents the mean � SEM for at least six
mice. *P � 0.05, **P � 0.01, ***P � 0.001
versus normal mice; ##P � 0.01, ###P �

0.001 versus control vector (CV)-treated mice.
Magnification, �200. IHC, immunohisto-
chemistry.

Figure 11. Ultrasound-microbubble-medi-
ated miR-29b gene transfer has no effect on
expression of �-SMA in an established mouse
model of UUO nephropathy at day 10. (A)
Immunohistochemistry. (B) Quantitative anal-
ysis of immunostaining. (C) Real-time PCR. (D)
Western blotting (WB). (E) Quantitative anal-
ysis of Western blots. The results show that
ultrasound-mediated miR-29b gene therapy
from day 4 of UUO does not influence �-SMA
expression and �-SMA� myofibroblast accu-
mulation. Each micrograph or bar represents
the mean � SEM for at least six mice. Magni-
fication, �200. IHC, immunohistochemistry;
CV, control vector.
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overnight at 4°C with the primary antibody against collagen I, III,

�-SMA, Smad3, and GAPDH (Chemicon, Temecula, CA), followed

by IRDyeTM 800-conjugated secondary antibody (Rockland Immu-

nochemicals, Gilbertsville, PA). The signals were detected using the

LiCor/Odyssey infrared image system (LI-COR Biosciences, Lincoln,

NE). Signal intensities of each Western blot were quantified by using

the LiCor/Odyssey followed by analysis with Image J software (Na-

tional Institutes of Health).

In Situ Hybridization
To define the expression pattern of miR-29 by renal cells and deter-

mine the miR-29 transfection efficiency and transgene expression, in

situ hybridization of miR-29 was performed in normal and UUO

kidneys following the established protocol.34 Briefly, formalin-

fixed, paraffin-embedded kidney tissues were deparaffinized and

treated with protease (10 �g/ml) for 8 minutes, followed by pre-

hybridization with the buffer and then hybridization with digoxi-

genin anti-sense miR-29b probe (5�-AACACTGATTTCAAATGGT-

GCTA-3�) at 45°C overnight. After stringency washing, the sections

were incubated with anti-digoxigenin antibody (Roche Diagnostics)

overnight at 4°C and developed with nitro blue tetrazolium/5-bromo-

4-chloro-3-indolyl phosphate to produce positive signals. A scramble

probe (5�-GTGTAACACGTCTATACGCCCA-3�) was used as a neg-

ative control for all studies.

Statistical Analyses
Data obtained from this study are expressed as the mean � SEM and

analyzed using one-way ANOVA, followed by t test using SPSS soft-

ware (Chicago, IL).
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