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Abstract The epithelial to mesenchymal transition

(EMT) is a crucial event for renal fibrosis that can be

elicited by TGF-b1/Smads signaling and its downstream

mediator connective tissue growth factor (CTGF). As a

distinct member of the TGF-b superfamily, Lefty A has

been shown to be significantly downregulated in the kid-

neys of patients with severe ureteral obstruction, suggest-

ing its role in renal fibrosis induced by obstructive

nephropathy. In order to determine whether Lefty A pre-

vents TGF-b1-induced EMT, human proximal tubule epi-

thelial cells (HK-2) were stably transfected with Lefty A or

control vectors and stimulated with 10 ng/ml TGF-b1 for

48 h. The results show that stimulation with TGF-b1 led to

EMT including cell morphology changes, Smad2/3 sig-

naling pathway activation, increased a-SMA, collagen

type I, and CTGF expression, and decreased E-cadherin

expression in mock-transfected HK-2 cells. Overexpression

of Lefty A efficiently blocked p-Smad2/3 activation and

attenuated all these EMT changes induced by TGF-b1.

This finding suggests that Lefty A may serve as a potential

new therapeutic target to inhibit or even reverse EMT

during the process of renal fibrosis.
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Introduction

Obstructive nephropathy is an important cause of chronic

kidney disease (CKD) that ultimately progresses to tubu-

lointerstitial fibrosis and end-stage renal failure [1, 2]. In

such cases, renal damage progresses even after the ureteral

obstruction is relieved, and most patients with obstructive

nephropathy are identified only when they have already

reached end-stage renal failure [3]. To date, there is no

effective treatment available to prevent tubulointerstitial

fibrosis and the progressive loss of renal function. One of

the main effector cells that contribute to the development

of progressive renal fibrosis in obstructive nephropathy is

the tubulointerstitial myofibroblast [4]. A large proportion

of tubulointerstitial myofibroblasts is known to derive from

tubular epithelial cells undergoing the epithelial to mes-

enchymal transition (EMT) process in the progression of

tubulointerstitial fibrosis [2, 5]. Consequently, this process

induces renal tubular destruction and the accumulation of

myofibroblasts [2, 6]. Many studies have suggested that

blockading the EMT process can relieve the severity of

renal fibrosis followed by obstructive nephropathy [7–14].

Therefore, novel therapy which could potentially inhibit or

reverse EMT in the kidneys may retard disease progression

to obstructive nephropathy.

Lefty is a new member of the TGF-b protein super-

family, including lefty 1 and lefty 2 in mouse [15, 16] and

their homologues Lefty A and Lefty B in human [17, 18].

Lefty is one of the key embryonic signals that drive the

development of an asymmetric body plan [15, 19, 20].

Unlike other members of the TGF-b superfamily, Lefty

does not appear to exist as a dimer. Therefore, it may act as

an inhibitor of the TGF-b1 signaling pathway [17]. It has

been shown that Lefty interrupts TGF-b1 signaling by

inhibiting the phosphorylation of Smad2/3 following

Y. Li � J. Zhang (&) � L. Fang � P. Luo � J. Peng � X. Du

Department of Urology, Renmin Hospital of Wuhan University,

Wuhan 430060, People’s Republic of China

e-mail: zhangjie888@sina.com

123

Mol Cell Biochem (2010) 339:263–270

DOI 10.1007/s11010-010-0389-6



activation of the TGF-b receptor. It also inhibits the events

downstream from R-Smad phosphorylation, including

hetero-dimerization of R-Smads (Smad2/3) with Smad4

and nuclear translocation of the R-Smad-Smad4 complex

[21]. Moreover, it was recently shown that Lefty A/Ebaf

(endometrial bleeding associated factor) significantly

reduces the amount of collagen deposited in tissues by

inhibiting connective tissue growth factor (CTGF) and

collagen type I mRNA synthesis and increasing collagen-

olysis and elastolysis [22]. Thus, Lefty A may serve as an

antagonist for TGF-b1 to ameliorate TGF-b1-induced

EMT.

Although both human Lefty isoforms show similar

sequence identity and could therefore share similar func-

tion [15], our previous study has shown that only the

expression of Lefty A mRNA was downregulated signifi-

cantly (;13.55 folds) in the kidneys of patients with severe

ureteral obstruction using gene microarray analyses [23].

We further confirmed the downregulation of lefty 1 and

lefty 2 mRNA and protein in the mice model of unilateral

ureteral obstruction (UUO) [23]. In this study, we exam-

ined the in vitro effect of Lefty A on the prevention of

TGF-b1-induced human proximal tubule cell (HK-2) EMT.

In order to assess the progression of EMT and the potential

attenuation by Lefty A, the signaling molecular p-Smad2/3,

the epithelial marker E-cadherin, and the mesenchymal

marker a-smooth muscle actin (a-SMA) were assayed by

Western blotting; CTGF, the downstream mediator of

TGF-b1/Smads, was assayed by quantitative real-time

PCR.

Materials and methods

Reagents

A line of human renal proximal tubular epithelial cells

(HK-2) was purchased from American Type Culture Col-

lection (VA, USA); Dulbecco’s modified eagle medium,

nutrient mixture F-12 (DMEM/F12), fetal bovine serum

(FBS), and trypsin/EDTA solution were purchased from

Hyclone (UT, USA). The pcDNA3.1/Hygro (?) plasmid

vector was a gift from Professor Siamak Tabibzadeh at

Stony Brook University (Stony Brook, NY, USA). Full-

length DNA sequences of human Lefty A were purchased

from Wuhan Genesil Biotechnology Company (Hubei,

China); recombinant human TGF-b1 was from Pepro

Techec (London, UK); TRIzol and Lipofectamine
TM

2000

were purchased from Invitrogen (CA, USA); the First-

strand cDNA Synthesis Kit was from Fermentas (UAB);

the quantitative real-time PCR kit was from Toyobo

(Osaka, Japan); the BCA assay kit was from the Beyo-

time Institute of Biotechnology (Jiangsu, China); the

monoclonal mouse antibody against E-cadherin was from

Cell Signaling Technology (MA, USA); the monoclonal

mouse antibody against Lefty A was from R&D Systems

(MN, USA); the polyclonal antibody against a-SMA was

from Abcam (Cambridge, UK); the polyclonal antibody

against p-Smad2/3 and the polyclonal anti-Actin antibody

were both purchased from Santa Cruz Biotechnology Inc

(CA, USA).

Plasmid construction, cell culture, and stable

transfection

The coding sequence (CDS) of human Lefty A (1.1 kb)

was amplified from the full-length sequence of Lefty A.

The primer sequences are as the follows: sense 50-CCC

AAGCTT GCC ACC ATG TGG CCC CTG TGG C-30,
antisense 50-CGC GGATCC CTA TGG CTG GAG CCT

CCT T-30. PCR products were digested with the two

enzymes and inserted into the Hind III and BamH I site of a

pcDNA3.1/Hygro (?) vector. The recombinant plasmid

was confirmed by DNA sequencing.

HK-2 cells were maintained in DMEM/F12 supple-

mented with 10% FBS, 100 U/ml penicillin, and 100 lg/ml

streptomycin at 37�C under a humidified 5% CO2 atmo-

sphere. Cells were seeded onto 6-well plates and trans-

fected with 1 lg of either recombinant plasmid DNA or

pcDNA3.1 empty vector using Lipofectamine
TM

2000,

according to the manufacturer’s instructions. Stable trans-

fectants were generated from a HK-2 cell pool after

selection with hygromycin (300 lg/ml). Overexpression of

Lefty A in the stable transfected cell line was confirmed by

Western blotting.

In order to examine the effects of Lefty A overexpres-

sion on the TGF-b1-induced EMT, the stably transfected

cell line was cultured in serum-free medium for 24 h

before TGF-b1 treatment. Cellular lysates were harvested

6, 12, 24, and 48 h after TGF-b1 treatment.

Western blotting

For Western blotting analysis, 2 9 106 cells were washed

with ice-cold PBS and scraped into lysis buffer (1% NP40,

150 mM NaCl, 50 mM Tris/HCL, 1 mM PMSF, 1 mM

EGTA, 10 mM NaF, 10 mM Na4P2O7, 1 mM Na3VO5,

10 lg/ml leupeptin, and 20 lg/ml aprotinin). The protein

concentrations were measured using a BCA assay kit

according to the manufacturer’s instructions. After the

addition of the protein loading buffer (10% glycerol,

50 mM Tris/HCl, 2% b-mercaptoethanol, 0.02% BPB, and

5% SDS, pH 6.8) and denaturation at 95�C for 5 min,

40 lg of total cellular protein from each sample was sep-

arated by 8% SDS-PAGE and transferred onto nitrocellu-

lose membranes. After blocking in 5% skim milk for 1 h at
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37�C, the membranes were incubated with the indicated

primary antibody at 4�C overnight, followed by a horse-

radish peroxidase-conjugated second antibody for 1 h at

room temperature. Signals were detected using the

enhanced chemiluminescence (ECL) method.

RNA isolation and real-time RT-PCR

Total RNA was isolated with TRIzol Reagent, and first-

strand cDNA was synthesized using the First-strand cDNA

Synthesis Kit according to the manufacturer’s instructions.

Quantitative real-time PCR was performed using the Bio-

Rad iQ5 Real-Time PCR Detection System (CA, USA).

SYBR green real-time PCR mix was used for the PCR

reaction, with a primer concentration of 10 lM. The

primers for real-time PCR are shown in Table 1. Reaction

conditions were as follows: 95�C for 5 min; 40 cycles at

95�C for 20 s, 62�C for 30 s, and 72�C for 30 s; followed

by a final extension at 72�C for 5 min. GAPDH was used

as a reference gene. Relative quantification of gene

expression was performed using the 2 - DDCt method

based on Ct values for both target and reference genes. In

order to calculate the fold increase, the results of real-time

PCR analysis are given as means ± SD.

Statistical analysis

All the data examined are expressed as means ± SD. For

Western blotting analysis, quantification was performed by

scanning and analyzing the average volume density of the

hybridization signals corrected for actin using GEL pro3.0.

Statistical analysis of the data was performed with the

Student’s t test using the SPSS 11.5 software package.

A two-sided P \ 0.05 was considered statistically

significant.

Results

TGF-b1 treatment induced the EMT process

in HK-2 cells

TGF-b1 is known to induce EMT in renal tubular cell lines

isolated from humans, rats, mice, and pigs [24–27]. In

order to determine whether Lefty A has the ability to

inhibit EMT in renal tubular cells, we first developed an

EMT cell model by treating HK-2 cells with TGF-b1. As

shown in Fig. 1a, incubation of HK-2 cells with TGF-b1

was able to inhibit the expression of E-cadherin, an epi-

thelial marker that is essential for the structural integrity of

renal epithelium, and to induce the expression of a-SMA

protein, a phenotypic marker for myofibroblast cells. The

downregulation of E-cadherin and the induction of a-SMA

occurred at a concentration as low as 2.5 ng/ml, suggesting

that it is readily achievable in vivo under pathological

conditions. The induction of a-SMA expression in tubular

epithelial cells reached a plateau at TGF-b1 levels of

10 ng/ml, which was chosen for the following experiments.

Next, we further investigated the time course of TGF-b1-

induced expressions of epithelial and mesenchymal mark-

ers such as E-cadherin and a-SMA. As shown in Fig. 1b,

HK-2 cells exhibited a time-dependent decrease in E-cad-

herin expression and a time-dependent increase in a-SMA

expression over 48 h after TGF-b1 stimulation. The results

revealed that the loss of E-cadherin expression was an early

event which occurred as early as 6 h after TGF-b1 treat-

ment, whereas induction of de novo expression of a-SMA

was a delayed response requiring 24 h of incubation.

Consistent with these changes, incubation of the cells with

10 ng/ml TGF-b1 for 48 h resulted in a significant loss of

the typical cobblestone pattern of their epithelial mono-

layer. Instead, the cells displayed a fibroblast-like mor-

phology identifiable by the presence of elongated

lamellipodia and a spindle shape, as shown in Fig. 3c. The

results suggested that HK-2 cells were converted to myo-

fibroblasts by TGF-b1 treatment.

Overexpression of Lefty A blocked

the TGF-b1-induced EMT

As illustrated in Fig. 2, the abundance of Lefty A protein in

normal HK-2 cells was very low and progressively

decreased to undetectable levels after 12 h treatment with

TGF-b1. In order to examine whether overexpression of

Lefty A would affect the progress of EMT, a recombinant

Lefty A plasmid construct was stably transfected into HK-2

cells, and overexpression of Lefty A was confirmed by

Western blotting (Fig. 3a). As indicated in Fig. 3a, over-

expression of Lefty A did not affect the protein levels of

E-cadherin or a-SMA in unstimulated HK-2 cells,

Table 1 Primer sequences

Primer Sequence (50 ? 30)

Collagen type I

Sense CCAACTATGCCTCTCAGAACATC

Antisense GAGCAGCCATCTACAAGAACAG

CTGF

Sense TCACTGACCTGCCTGTAG

Antisense GCTGAGTCTGCTGTTCTG

GAPDH

Sense GAAGGTGAAGGTCGGAGTC

Antisense GAAGATGGTGATGGGATTTC
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however, overexpression of Lefty A partially blocked

decrease of E-cadherin expression or increase of a-SMA

expression in TGF-b1 stimulated HK-2 cells (Fig. 3b).

Lefty A also inhibited the collagen type I mRNA expres-

sion induced by TGF-b1, as assessed by quantitative real-

time PCR (Fig. 4c). Moreover, overexpression of Lefty A

attenuated the morphology changes toward a myofibroblast

phenotype induced by TGF-b1 (Fig. 3c). The data dem-

onstrated that Lefty A partially inhibited TGF-b1-induced

EMT in HK-2 cells.

Lefty A inhibited TGF-b1/Smads signaling pathway

and the expression of CTGF mRNA

Our study demonstrated that Lefty A partially inhibited

TGF-b1-induced EMT in HK-2 cells, but the mechanisms

remained unknown. As it has been reported that in stem

cells Lefty A inhibits TGF-b1/Smads signaling pathway

which plays a significant role in the process of EMT in

renal fibrosis [2], we first investigated whether Lefty A

could block TGF-b1 induced Smad2/3 activation in HK-2

cells. Western blot analyses showed that there was no

Fig. 1 TGF-b1-induced EMT in HK-2 cells. a TGF-b1 downregu-

lated the expression of E-cadherin and induced de novo expression of

a-SMA in tubular epithelial cells in a dose-dependent style. HK-2

cells were incubated with TGF-b1 at various concentrations as

indicated for 24 h. b Western blot analysis was performed to examine

the time course of E-cadherin and a-SMA expression in HK-2 cells

treated with 10 ng/ml TGF-b1 over 48 h. * P \ 0.05, ** P \ 0.01,
D P [ 0.05 compared with the previous value (n = 3–5)

Fig. 2 TGF-b1 suppressed Lefty A expression in HK-2 cells. A

decrease of Lefty A expression was found 6 h after 10 ng/ml TGF-b1

treatment, and Lefty A was undetectable 12 h after treatment.

** P \ 0.01 compared with the previous value (n = 3–5)
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expression of p-Smad2/3 in normal HK-2 cells, and

TGF-b1 induced a rapid activation of p-Smad2/3 in a time-

dependent manner with a peak at 1 h (Fig. 4a). Overex-

pression of Lefty A by transfection blocked activation of

Smad2/3 by TGF-b1 in HK-2 cells (Fig. 4b), indicating

that Lefty A could inhibit TGF-b1/Smads signaling path-

way in the process of EMT.

Since it has been reported that Lefty A degrades the

ECM protein through inhibiting CTGF transcription which

is an important downstream mediator of TGF-b1/Smads

signaling pathway, we further studied the effects of Lefty A

overexpression on the expression of CTGF mRNA in the

TGF-b1-induced EMT process in HK-2 cells by quantita-

tive real-time PCR. As shown in Fig. 4c, the expression of

CTGF mRNA increased dramatically in HK-2 cells after

TGF-b1 treatment for 48 h, however, this increase was

abolished by overexpression of Lefty A, indicating that

CTGF is one of the major downstream targets for Lefty A.

It is possible that Lefty A inhibits the TGF-b1-induced

EMT process via inhibition of TGF-b1/Smads signaling

pathway and expression of its downstream mediator CTGF.

Discussion

Although specific therapies that inhibit the progression of

chronic renal disease are currently unavailable, preventing

or inhibiting EMT has been shown to be a promising

Fig. 3 Overexpression of Lefty A inhibited TGF-b1-induced EMT.

Panel a Western blotting images showing that the expression changes

of Lefty A, E-cadherin, and a-SMA in untransfected cells and Lefty A

stably transfected cells. Panel b HK-2 cells stably transfected with

either Lefty A or a pcDNA3.1 empty vector were subsequently treated

with 10 ng/ml of TGF-b1 for 48 h. C control untransfected cells,

T untransfected cells treated with TGF-b1, E pcDNA3.1 empty vector

stably transfected cells treated with TGF-b1, L HK-2 cells stably

transfected with Lefty A treated with TGF-b1. D P [ 0.05 compared

to TGF-b1-treated untransfected group; * P \ 0.05 compared to both

the TGF-b1-treated untransfected group and the TGF-b1-treated

empty vector-transfected group (n = 3–5). Panel c Lefty A attenuated

TGF-b1-induced morphology changes in HK-2 cells. a unstimulated

cells, b mock-transfected cells stimulated with 10 ng/ml TGF-b1

48 h. The epithelial morphology of HK-2 cells changed dramatically

to a fibroblast-like state, c Lefty A transfected cells stimulated with

10 ng/ml TGF-b1 48 h. Overexpression of Lefty A partially blocked

the TGF-b1-induced morphology changes toward the myofibroblast

phenotype
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therapeutic option through which renal fibrosis and sub-

sequent obstructive nephropathy could potentially be

inhibited. In the present study, we demonstrated that

overexpression of Lefty A was able to attenuate TGF-b1-

induced EMT in HK-2 cells. This process is likely medi-

ated via the inhibition of p-Smad2/3 activation and CTGF

expression induced by TGF-b1 [21, 22, 28]. Therefore, in

addition to its role in the development of an asymmetric

body plan and tissue remodeling of the human endome-

trium, our findings suggest that Lefty A may be applied to

inhibit progression toward renal fibrosis, at least in part by

attenuating the TGF-b1-induced EMT.

Tubulointerstitial fibrosis is a common final step leading

to end-stage renal disease, irrespective of the nature of

initial renal injury. Myofibroblasts have been shown to play

a critical role in the process, and the major source of

myofibroblasts is presumed to be tubular epithelial cells

undergoing EMT process [6, 7, 29, 30]. Since TGF-b1, as a

sole factor, is thought to initiate and complete the entire

course of EMT [6, 31], we used it as an inducer of EMT to

stimulate HK-2 cells. Our results showed that TGF-b1

stimulated HK-2 cells underwent the EMT process as

assessed by the presence of de novo expression of a-SMA

and downregulation of E-cadherin as well as the upregu-

lation of collagen type I mRNA and the loss of epithelial

morphology. Of note, the loss of E-cadherin expression

was an early event which occurred as early as 6 h after

TGF-b1 treatment. In contrast, induction of de novo

expression of a-SMA was a delayed response requiring

12 h of incubation. As E-cadherin plays an important role

in cell adherence, these data suggest that the dissociation of

structural integrity of renal epithelia is an early event

during EMT induced by TGF-b1. The downregulation of

E-cadherin precedes de novo a-SMA expression, as

reported previously [6].

Because of the important role of EMT in the process of

obstructive nephropathy-induced tubulointerstitial fibrosis,

any treatment or intervention that inhibits or even reverses

Fig. 4 Overexpression of Lefty A blocked TGF-b1/Smads signaling

pathway as well as the upregulation of collagen type I and CTGF

mRNA induced by TGF-b1 in HK-2 cells. Panel a TGF-b1 activated

p-Smad2/3 in tubular epithelial cells. HK-2 cells were incubated with

10 ng/ml of TGF-b1 for 12 h, and the expression of p-Smad2/3 was

detected by Western blotting. * P \ 0.05, ** P \ 0.01 compared

with the previous value. Panel b Overexpression of Lefty A blocked

TGF-b1/Smads signaling pathway in tubular epithelial cells. HK-2

cells stably transfected with Lefty A (L) or not (T) were subsequently

treated with 10 ng/ml of TGF-b1 for 1 h, and the expression of

p-Smad2/3 was detected by Western blotting. ** P \ 0.01 compared

with TGF-b1-treated untransfected group. Panel c HK-2 cells stably

transfected with either Lefty A or pcDNA3.1 empty vector were

treated with 10 ng/ml of TGF-b1 for 48 h. The expression levels of

collagen type I and CTGF mRNA were detected using real-time PCR.

C Control untransfected cells, T untransfected cells treated with TGF-

b1, E pcDNA3.1 empty vector stably transfected cells treated with

TGF-b1, L HK-2 cells stably transfected with Lefty A treated with

TGF-b1. D P [ 0.05 compared to TGF-b1-treated untransfected

group; * P \ 0.05 compared to both the TGF-b1-treated untransfec-

ted group and the TGF-b1-treated empty vector-transfected group

(n = 3–5)
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EMT may serve as a new therapeutic option for tubuloin-

terstitial fibrosis. Previously, our group found that the gene

and protein expression levels of Lefty A were significantly

downregulated in the kidneys of patients with severe ure-

teral obstruction and in a rat model of UUO, respectively

[19]. Given its role in embryonic development via inhibi-

tion of TGF-b1/Smads signaling [17, 21], we postulate that

Lefty A could have renoprotective ability against renal

fibrosis induced by UUO. Even though the protein

expression level of Lefty A was low in human proximal

tubular cells in the present study, we demonstrated for the

first time that it was downregulated in a time-dependent

manner after TGF-b1 stimulation. Considering Lefty A’s

role in inhibiting TGF-b1/Smads signaling, these results

suggest that there may be mutual antagonism between

Lefty A and TGF-b1/Smads signaling in the process of

EMT. In order to validate our hypothesis, we further

established a cell line stably expressing Lefty A and found

that the overexpression of Lefty A partially blocked TGF-

b1-induced EMT by preserving E-cadherin suppression

and preventing a-SMA expression. These findings suggest

that Lefty A is likely to be effective in attenuating EMT in

proximal tubular cells.

The mechanism by which Lefty A inhibits TGF-b1-

induced EMT remains unknown. It is more likely that

multiple pathways are involved in the inhibitory effect of

Lefty A, among which Smad2/3 activation and CTGF

expression may be the two major events during the process.

Since Lefty A has been reported to inhibit the process of

TGF-b1/Smads signaling by interfering with both the het-

ero-dimerization of R-Smads (Smad2/3) with Smad4 and

the nuclear translocation of the R-Smad-Smad4 complex in

stem cells during embryonic development [21], we inves-

tigated whether it could also block TGF-b1-induced

Smad2/3 activation in HK-2 cells. Our results showed that

Lefty A inhibited the p-Smad2/3 activation induced by

TGF-b1 in HK-2 cells, as well as in stem cells. The results

confirmed that there was a mutual antagonism between

Lefty A and TGF-b1/Smads signaling in the process of

EMT in the renal fibrosis, which has never been shown

previously. We also further studied the effects of Lefty A

on CTGF expression, which was the important downstream

mediator of TGF-b1/Smads signaling pathway [32]. Our

results showed that overexpression of Lefty A in HK-2

cells attenuated TGF-b1-induced upregulation of CTGF

transcription as well as TGF-b1-induced ECM, in line with

previous reports that inhibition of CTGF expression

attenuated the EMT process in vitro [33, 34]. The present

study demonstrated that Lefty A could block TGF-b1-

induced EMT probably by inhibition of p-Smad2/3 acti-

vation and CTGF expression in HK-2 cells. However,

although it is reported that Lefty can be regulated by Wnt/

b-catenin signaling in stem cells [35, 36], there is no

evidence showing such regulation exists in renal fibrosis,

since the fact that Wnt/b-catenin signaling can promote the

process of renal fibrosis [37–40]. Thus, the regulation

mechanism of Lefty A during renal fibrosis remained

unclear, and further studies are required to investigate the

mechanisms by which Left A inhibits the EMT process.

Our data present, for the first time, the important

information that Lefty A, as a novel growth factor in

embryonic development and endometrium remodeling,

inhibits TGF-b1-induced EMT in HK-2 cells. These find-

ings may pave the road toward an effective therapy for

tubulointerstitial fibrosis.
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