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Smad1 has previously been shown to play a key role in the 
development of diabetic nephropathy (DN), by increasing 
synthesis of extracellular matrix. However, the regulatory 
mechanism of Smad1 in DN is still unclear. This study 
aims to elucidate molecular interactions between activin 
receptor-like kinase 1 (ALK1)/Smad1 signaling pathway 
and transcription factor 7-like 2 (TCF7L2) in the progres-
sion of DN in vitro and in vivo. The expressions of TCF7L2 
and ALK1 were induced by advanced glycation end prod-
ucts (AGEs) in parallel with Smad1, phosphorylated 
Smad1 (pSmad1), and alpha-smooth muscle actin (α-SMA) 
through TGF-β1 in cultured mesangial cells. Constitutively 
active ALK1 increased pSmad1 and α-SMA expressions. 
The binding of TCF7L2 to ALK1 promoter was confirmed 
by chromatin immunoprecipitation assay. Furthermore, 
TCF7L2 induced promoter activity of ALK1. AGEs and 
TGF-β1 induced a marked increase in TCF7L2 expression 
in parallel with ALK1. Overexpression of TCF7L2 increased 
the expressions of ALK1 and Smad1. Inversely, TCF7L2 
knockdown by siRNA suppressed α-SMA expression as 
well as ALK1 and Smad1. The iNOS transgenic mice 
(iNOS-Tgm), which developed diabetic glomerulosclerosis 
resembling human diabetic nephropathy, exhibited mark-
edly increased expressions of ALK1, TCF7L2, Smad1, 
pSmad1, and α-SMA in glomeruli in association with me-
sangial matrix expansion. These results provide a new 
evidence that the TCF7L2/ALK1/Smad1 pathway plays a 
key role in the development of DN.  
 
 
INTRODUCTION 
 
Diabetic nephropathy (DN) is the leading cause of end-stage 
renal disease and a major contributing cause of morbidity and 
mortality in Japan as well as the United States. The typical 
pathological changes in DN are thickening of the glomerular 
basement membrane and mesangial matrix expansion, the 
latter of which progresses to diabetic nodular lesion and causes 
diabetic glomerulosclerosis. These specific lesions may be a 

target for investigating the pathogenesis of DN (Bojestig et al., 
1994; Kanwar et al., 2008; Schrijvers et al., 2004).  

We have demonstrated that Smad1 directly regulates the 
transcriptional activity of key molecules, such as type I and type 
IV collagens, in diabetic glomerulosclerosis. Moreover, we 
found that the level of urinary excretion of Smad1 predicted the 
development of mesangial matrix expansion in rat DN. There-
fore, we concluded that Smad1 played a central role in the 
development of DN (Abe et al., 2004; Mima et al., 2008). How-
ever, the regulatory mechanism of Smad1 in DN is still unclear.  

Besides endothelial cells, activin receptor-linked kinase1 
(ALK1) is the upstream molecule for Smad1 in several cell 
types, including chondrocytes, hepatocytes, and neural cells 
(Finnson et al., 2008; Goumans et al., 2002; Konig et al., 2005; 
Wiercinska et al., 2006). Previously, we have also shown that 
advanced glycation end products (AGEs) induce the expres-
sion of ALK1 in cultured mesangial cells. In adult humans with 
DN, the expression of ALK1 and Smad1 are reemerged in the 
glomeruli (Abe et al., 2004; Matsubara et al., 2006). These facts 
suggest that ALK1 as well as Smad1 are involved in the devel-
opment of diabetic glomerulosclerosis, however, the correlation 
between ALK1 and Smad1 is unclear.  

There have been several reports on the important role of 
TGF-β in the development of DN (Nakamura et al., 1993; Park 
et al., 1997; Ziyadeh, 2004). ALK1 expression is assumed to 
regulate TGF-β expression since ALK1 is one of the type I re-
ceptors for TGF-β family protein and activates the Smad1/5/8 
signaling pathway (Lux et al., 1999); however, the mechanism 
of the TGF-β-mediated regulation of ALK1 in DN is also unclear.  

Importantly, the analyses of ALK1-deficient mice have shown 
that ALK1 is associated with vascular maturation and stabiliza-
tion (Oh et al., 2000; Urness et al., 2000). Furthermore, ALK1 
was shown to be responsible for both primary pulmonary hy-
pertension (PPH) and hereditary hemorrhagic telangiectasia 
(HHT2) in human (Trembath et al., 2001). These facts suggest 
that ALK1 is also closely linked to the pathogenesis of vascular 
disorders. Therefore, ALK1 may be related to the common 
microvascular complications of diabetes mellitus, including DN; 
however, the molecular mechanism underlying this influence
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remains unknown. 
We found the binding site for transcriptional factor (TCF) on 

the promoter region of ALK1. Among the TCF family molecules, 
transcriptional factor 7-like 2 (TCF7L2) is identified as one of 
the candidate genes responsible for type 2 diabetes (Florez et 
al., 2006; Grant et al., 2006). Recently, TCF7L2 polymorphism 
has been shown to be related to renal dysfunction in human 
DN (Kottgen et al., 2008; Sale et al., 2007). However, the pre-
cise role of TCF7L2 in the development of DN is unexplained. 

Phenotypic change in the mesangial cells is an important 
pathological feature for the development of DN. The phenotypic 
change is characterized by the increased expression of alpha-
smooth muscle actin (α-SMA) in many glomerular diseases 
(Essawy et al., 1997; Sanai et al., 2000). While there are sev-
eral possible regulatory mechanisms of the expression of α-
SMA (Hautmann et al., 1997; Kanematsu et al., 2007; Tang et 
al., 2008), few reports have discussed the mechanisms in-
volved in DN. We have also reported that phosphorylated 
Smad1 (pSmad1) transcriptionally upregulates the expression 
of α-SMA (Matsubara et al., 2006). In this study, we investi-
gated whether the TGF-β/TCF7L2/ALK1/Smad1 signal trans-
duction pathway contributed to the phenotypic change as well 
as mesangial matrix expansion in DN. 
 
MATERIALS AND METHODS 

 
Cell culture  
A glomerular mesangial cell line was established from glomeruli 
isolated from normal, 4-week-old mice (C57BL/6JxSJL/J) and 
was identified according to the method described previously 
(Davies, 1994). The mesangial cells were maintained in B me-
dium (a 3:1 mixture of minimal essential medium/F12 modified 
with trace elements) (supplemented with 1 mM glutamine, 
penicillin at 100 units/ml, streptomycin at 100 mg/ml (Invitrogen, 
USA), and 10% fetal calf serum (FCS) (Davies, 1994). The 
cells were plated on 60 or 100-mm dishes (Nalge Nunc Interna-
tional, Denmark) and maintained in B medium/10% FCS.  
 
Antibodies  
Anti-ALK1 (kindly provided by Chugai Pharmaceutical Co., Ltd), 
anti-Smad1, anti-pSmad2/3, Histone H3 (Santa Cruz Biotech-
nology, Germany), anti-pSmad1, anti-TCF7L2 (Cell Signaling, 
USA), anti-α-SMA (Abcam, Cambridge, U.K.), anti-Flag, anti-β-
actin (Sigma, USA), and TGF-β1-neutralizing antibody (R&D 
Systems, USA) were used for western blot analysis. Anti-
TCF7L2 antibody (Cell Signaling) was used for chromatin im-
munoprecipitation (ChIP) assay. Anti-pSmad1,5,8, anti-TCF7L2, 
anti-Smad1, anti-ALK1 (Santa Cruz Biotechnology), and anti-α-
SMA (Abcam), antibodies were used for Immunofluorescent 
staining. 
 
A selective inhibitor of TGF-β/ activin type I receptor kinase 
assay  
SB431542 (Sigma) was a selective inhibitor of TGF-β/ALK4, 5, 
7 (Inman et al., 2002) and dissolved in dimethyl sulfoxide 
(DMSO). After 24 h starvation with Opti-MEM (Invitrogen), 
SB431542 (10 μM) was added to cells 1 h prior to treatment 
with TGF-β1 (10 ng/ml) for 24 h (Kou et al., 2007). On the other 
hand, 3 × 105 mesangial cells were seeded into 60-mm dishes 
coated with AGE-BSA or BSA at 1 μg/cm2 either in the pres-
ence of SB431542 (10 μM) or DMSO. These cells were har-
vested for western blot analysis after 48 h incuabtion. 
 
Preparation of AGEs  
AGE-bovine serum albumin (BSA) and unmodified BSA were 

prepared according to the method described previously (Doi et 
al., 1992; Yamagishi et al., 2002). AGE-BSA and unmodified 
BSA were purified through 0.22-μm sterile Millipore filters 
(Millex-GX, Millipore) to remove contaminants. Endotoxin con-
tent in all samples was measured by limulus amoebocyte lysate 
assay (Wako) and was not detected. AGE content was esti-
mated by fluorescence intensity at a protein concentration of 1 
mg/ml. AGE-BSA contained 89.9 AGE units/mg of protein, and 
unmodified BSA contained 3.71 AGE units/mg of protein, re-
spectively. Protein concentrations were determined by the 
method of Bradford using BSA as the standard. 
 
Blockage of TGF-β1  
The 3 × 105 mesangial cells were seeded into 60-mm dishes 
coated with AGE-BSA or BSA at 1 μg/cm2 either in the pres-
ence of 10 μg/ml TGF-β1-neutralizing antibody (R&D Systems) 
or a control normal chicken IgY. These cells were harvested for 
western blot analysis after 48 h incuabtion. 
 
RNA isolation and quantitive real-time PCR  
Total RNA was isolated from mesangial cells using the TRIsol 
reagent (Invitrogen). RNA was converted to cDNA using Su-
perscript III (Invitrogen) according to manufacturer’s instructions. 
cDNA was quantified and diluted to 25 ng/μl. Relative mRNA 
expression levels of ALK1 were measured using TaqMan Uni-
versal PCR Master Mix (Applied Biosystems, USA), and rela-
tive mRNA expression levels of TCF7L2, TGF-β1, and glyce-
raldehyde-3-phosphate dehydrogenase (GAPDH) were meas-
ured using the SYBR Green PCR Master Mix (Applied Biosys-
tems) on ABI Prism 7700 Sequence Detection System (Applied 
Biosystems). The ALK1 TaqMan primer/MGB probe sets were 
obtained from Applied Biosystems assays on demand (ID 
Mm0043432_m1). Primers specific for TCF7L2 are 5′-CAAG 
AGGCAAGATGGAGGGC-3′ (forward) and 5′-GTGATGAGAG 
GCGTGAGTGG-3′ (reverse), TGF-β1 are 5′-ATACCAACTATT 
GCTTCAGCTCCAC-3′ (forward) and 5′-CACGTAGTAGACGA 
TGGGCAGT-3′ (reverse), GAPDH are 5′-AAAATGGTGAAG 
GTCGGTGTG-3′ (forward) and 5′-AATGAAGGGGTCGTTGA 
TGG-3′ (reverse). Each reaction consisted of 5 ng cDNA. The 
cycling parameters were 10 min at 95°C, followed by 40 cycles 
of 15 s at 95°C, and 60 s at 60°C. GAPDH, a common house-
keeping gene, was used as an internal control for an equal 
amount of starting material. All samples were plated in triplicate. 
Gene expression was quantified by the comparative cycle 
threshold (CT) method, normalizing CT-values to the house-
keeping gene GAPDH and calculating relative expression val-
ues (Fink et al., 1998). 
 
Small-interfering RNA  
Mesangial cells were seeded and grown until 60-80% confluent 
on 60-mm dishes. Small-interfering RNA (siRNA) for ALK1 
(siALK1) or Smad1 (siSmad1) or TCF7L2 (siTCF7L2) was 
combined with DharmaFECT transfection reagent (Thermo 
Fisher Scientific, USA). Control siRNA (Thermo Fisher Scien-
tific) was used as a control for comparison of effects of these 
siRNAs. The cells were transfected according to the recom-
mended protocol with 200 nM of siALK1or 28 nM of siSmad1 or 
100 nM of siTCF7L2 for 48 h.  
 
Vector constructions  
To construct the expression vector p3xFlag-TCF7L2, mouse 
cDNA encoding full-length TCF7L2 protein was amplified by 
PCR with Pfu DNA polymerase (Promega, USA) and sub-
cloned into the p3xFLAG-CMV-7.1 (Sigma). To construct the 
expression vector wild-type ALK1 (wt-ALK1), mouse cDNA 
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encoding full-length ALK1 protein subcloned into the pCI-neo 
mamalilan expression vector (Promega). The expression vector 
constitutively active form of ALK1 (caALK1) (Q201D) was gen-
erated by site-directed point mutagenesis. To examine whether 
a transcription-factor-binding motif (TBM) (AACAAAG) (Shi-
mokawa et al., 2003) was responsible for the promoter activity 
of ALK1, a 90 bp-DNA fragment (-1098 bp to -1019 bp) of the 
ALK1 gene promoter which included aTBM (-1061 bp to -1055 
bp) was obtained by PCR amplification using genomic mouse 
DNA as a template and two primers: 5′-GGGGTACCTGAA 
GATGGTCATGTATCCAA-3′ (foward) and 5′-CCCAAGCTTCT 
ATGGATTACAGTATCTGC-3′ (reverse). The amplified a 90 
bp-fragment was digested with KpnI and HindIII (TaKaRa, Ja-
pan) and inserted into the upstream of the firefly luciferase re-
porter gene of pGL4.10-basic (Promega) to form pGL4.10-
wTBM. The mutation vector (pGL4.10-mTBM) was introduced 
2-base mutation (AACAAAG to gcCAAAG) at the TBM site 
(Korinek et al., 1997). Renilla luciferase control vector (pGL4.74 
vector; Promega) was used as an internal control. 
 
Transient transfection experiments treatment  
Mesangial cells were seeded and grown until 60-80% confluent 
on 100-mm dishes. These cells were transfected with caALK1, 
p3xFlag-TCF7L2, wt-ALK1 and pCI-neo empty vector using 
FuGENE6 transfection reagent (Roche diagnostics, USA) and 
were taken for analysis 48 h after transfection. 
 
ChIP assay  
ChIP assays were performed essentially as described previ-
ously by Luo et al. (1998). Mesangial cells were seeded and 
grown until 60-80% confluent on 100-mm dishes. These cells 
were treated with TGF-β1 (10 ng/ml). ChIP assay was per-
formed using ChIP assay kit (Upstate biothchnology, USA) 
according to manufacturer’s protocol with anti-TCF7L2 antibody 
(Cell Signaling), or normal control rabbit IgG at 4°C. Input DNA 
(4%) was used as a template in the PCR reaction. PCR ampli-
fication was performed using Taq DNA polymerase (Promega) 
with primers to amplify the region containing TBM (AACAAAG) 
(Shimokawa et al., 2003) in ALK1 gene promoter. The 5′-primer 
was 5′-TCAAGACAGAGAGCCGCCG-3′, and the 3′ primer 
was 5′-ATTTCAGGGTCAGGACAGAC-3′.  
 
Dual-luciferase reporter assay  
The activities of firefly luciferase in pGL4.10 and of Renilla 
luciferase in pGL4.74 were determined following the dual-
luciferase reporter assay protocol recommended by Promega. 
3 × 104 CHO-K1 cells in 10% fetal bovine serum/Dulbecco’s 
modified Eagle’s medium were seeded into 24-well dishes. 
Twenty four hours later, these cells were transfected with 100 
ng of pGL4.10-wTBM or pGL4.10-mTBM reporter constructs 
along with either 300 ng of p3xFlag-TCF7L2 or vector alone 
(mock). And 10 ng of pGL4.74 vector was co-transfected as an 
internal control. Transfection was performed with FuGENE6 
transfection reagent according to the manufacturer’s instruc-
tions. After 48 h, these cells were rinsed twice with PBS buffer 
and cell lysates were prepared by manually scraping the cells 
from culture plates in the presence of 1× passive lysis buffer. 20 
μl of cell lysate was transferred into a luminometer tube 
containing 100 μl of LARII, and the firefly luciferase activity (M1) 
was measured first. The Renilla luciferase activity (M2) was 
then measured after adding 100 μl of Stop & Glo Reagent. The 
results were calculated and expressed as the ratio of M1/M2. 
The experiments were carried out more than three times with 
triple replicates. The data are presented as mean ± SD. 
 

Western blotting  
These cells were harvested in sample buffer and resolved by 
SDS-polyacrylamide gel electrophoresis, transferred to nitro-
cellulose membrane (GE Healthcare UK Ltd., England), sub-
jected to western blot analysis using primary antibodies and 
detected using an enhanced chemiluminescence detection 
system (Invitrogen). 
 
Experimental animals  
The nitric-oxide synthase cDNA fused with insulin promoter 
transgenic mice (iNOS-Tgm) was maintained on CD-1 mouse 
background (Takamura et al., 1998). Male littermates were 
screened for the transgenes by the PCR amplification and used 
for analysis. The primers used for the detection of iNOSTg 
were as follows: forward primer, 5′-GTGGGCTATGGGTTTGT 
GGAAGGAGA-3′, and reverse primer 5′-CGATGTCACATGCA 
GCTTGT-3′ (Yamamoto et al., 2001). 
 
Histology  
Light Microscopy: After removal of kidney tissue, tissue blocks 
for light microscopy examination were fixed in ethyl Carnoy’s 
solution and embedded in paraffin. Sections (1 μm) were 
stained with periodic acid-Schiff’s (PAS) reagent. Immunofluo-
rescent staining: Cryopreserved kidney tissues were cut in 4-
μm-thick sections and fixed in 4% paraformaldehyde with picric 
acid for 15 min at 4°C. To eliminate nonspecific staining, sec-
tions were incubated with 3% bovine serum albumin diluted 
with 1× PBS for 30 min at room temperature, followed by incu-
bation with primary antibodies, such as anti-pSmad1,5,8, anti-
TCF7L2, anti-Smad1, anti-ALK1 (Santa Cruz Biotechnology), 
anti-ALK1, and anti-α-SMA (Abcam) antibodies overnight at 
4°C. 
 
Statistics  
The data are expressed as the means ± SD. Comparison 
among more than two groups was performed by one-way 
analysis of variance followed by the post hoc analysis (Bon-
ferroni/Dunn test) to evaluate statistical significance. All analy-
ses were performed using StatView (SAS Institute, USA). Sta-
tistical significance was defined as P < 0.01. 
 
RESULTS 

 
AGEs induced the expression of ALK1 in a  
TGF-β1-dependent manner  
TGF-β1 mRNA levels increased approximately 2.2-fold 24 h 
after AGEs treatment in cultured mesangial cells (Fig. 1A). 
AGEs stimulation significantly increased the expression of 
ALK1 in cultured mesangial cells. This increase in expression 
of ALK1 was completely inhibited by the TGF-β1 neutralizing 
antibody (NA) (Fig. 1B). Similarly, the increased expression of 
Smad1 and α-SMA by AGEs were attenuated by a TGF-β1 NA 
in parallel with that of ALK1 (Fig. 1B), indicating that TGF-β1 
induced the expression of ALK1, Smad1, and α-SMA under 
experimental conditions that mimic the diabetic state. 
 
TGF-β1 induced ALK1 and Smad1 expression in an  
ALK5/Smad2/3-independent manner  
TGF-β1 (10 ng/ml) induced the expression levels of ALK1 
mRNA significantly in time-dependent manner (Fig. 1C). Fur-
ther, TGF-β1 induced its expression in dose-dependent man-
ners for 24 h (Fig. 1D). TGF-β1 also phosphorylated Smad2/3 
in mouse mesangial cells, and this phosphorylation was 
blocked by SB431542, which is a selective inhibitor of TGF-β/ 
ALK4, 5, and 7. However, the increased expressions of ALK1
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± SD. The asterisks indicate statistically significant differences in comparison with the control (*; P < 0.01; Bonferroni/Dunn test). (E) Western 

blot analysis of pSmad2/3 protein expression in cultured mouse mesangial cells treated with TGF-β1 for 1 h prior to harvest. (F) Western blot 

analysis of ALK1 and Smad1 protein expression in cultured mouse mesangial cells treated with TGF-β1 for 24 h prior to harvest. β-actin is the 

internal control. All Western blot analysis data from 1 of 3 independent experiments are shown. 
 
 
A                            B 
 
 
 
 
 
 
 
 
 
 
C                            D 
 
 
 
 
 
 
 
 
 
sions were confirmed by Western blot analysis. (D) The cells were transfected with a constitutively active form of ALK1 (caALK1) expression 

vector (0, 2.5, and 5 μg plasmid DNA/well) in a dose-depen-dent manner. After 48 h, cell lysates were prepared, and ALK1, pSmad1, and α-

SMA were visualized by western blot analysis. β-actin was used as an internal control. 
 
 
and Smad1 by TGF-β1 (10 ng/ml) were not affected by 
SB431542 (Figs. 1E and 1F). These results suggest that the 
ALK1/Smad1 signaling pathway is activated in an ALK5-
independent manner in the developmental process of DN. 

ALK1 is an upstream regulator of Smad1  
Because ALK1, Smad1, and α-SMA show coordinated expres-
sions in mouse mesangial cells, we examined the regulatory 
pathway by using the siRNAs for ALK1 or Smad1 in mouse

Fig. 1. AGEs induced the expression of 

ALK1, Smad1, and α-SMA through a TGF-

β1-dependent pathway in mouse mesangial 

cells, and this induction occurred independ-

ently of the ALK5 pathway. (A) Quantitative 

real-time PCR analysis of TGF-β1 mRNA 

expression in total RNA lysates from mesan-

gial cells treated with BSA or AGEs for 24 h.

GAPDH was used as an internal control. A 

representative exposure is shown from 3 

independent experiments. The data are pre-

sented as mean ± SD. The asterisks indicate 

statistically significant differences in compari-

son with the control (*; P < 0.01; Student’s t-

test). (B) The cultured mouse mesangial cells 

were treated with BSA or AGEs for 48 h prior 

to harvesting for Western blot analysis of 

ALK1, Smad1, and α-SMA. The cells ex-

posed to AGEs were treated with neutralizing 

antibody (NA) for TGF-β1 or control chicken 

IgY. The data from 1 of 3 independent ex-

periments are shown. (C, D) Quantitative 

real-time PCR analysis of ALK1 mRNA ex-

pression in total RNA lysates from mesangial 

cells treated with TGF-β1 in a time- (C) and 

dose-dependent (D) manner. GAPDH was 

used as an internal control. A representative 

exposure is shown from 3 independent ex-

periments. The data are presented as mean

Fig. 2. Effects of introduction of siRNA for 

ALK1 or Smad1, or introduction of the consti-

tutively active form of ALK1 into mouse mes-

angial cells, or TGF-β1 on ALK1-introduced 

mesangial cells. (A) Cultured mouse mesan-

gial cells were transfected with siRNA for 

ALK1 (siALK1) or siControl. After 48 h, the 

cells were cultured in the presence of TGF-

β1 (10 ng/ml) for 24 h. ALK1, Smad1, and α-

SMA protein expressions were detected by 

Western blot analysis. (B) Cultured mouse 

mesangial cells were transfected with siALK1 

or siControl. After 48 h, the cells were cul-

tured in the presence of TGF-β1 (10 ng/ml) 

for 1 h prior to harvesting for Western blot 

analysis of pSmad1 protein expression. (C) 

Cultured mesangial cells were transfected 

with siRNA for Smad1 (siSmad1) or siCon-

trol. After 48 h, the cells were cultured in the 

presence of TGF-β1 (10 ng/ml) for 24 h.

ALK1, Smad1, and α-SMA protein expres-
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Fig. 3. Effect of TGF-β1 on ALK1-introduced mesangial cells. (A) 

The cells were transfected with full-length ALK1 (wt-ALK1) expres-

sion vector (0, 2.5, and 5 μg plasmid DNA/well) in a dose-depen-

dent manner. After 48 h, cell lysates were prepared, and Smad1 

was visualized by Western blot analysis. (B) Cultured mouse me-

sangial cells were transfected with wild-type ALK1 (Wt-ALK1) ex-

pression vector (5 μg of plasmid DNA/well). After 48 h, the cells 

were cultured in the presence of TGF-β1 (0.5 ng/ml) for 1 h prior to 

harvesting for Western blot analysis of ALK1 and pSmad1. β-actin 

was used as an internal control. All data from 1 of 3 independent 

experiments are shown. 
 
 
mesangial cells. Transfection with the siRNA for ALK1 sup-

pressed the TGF-β1-induced expressions of Smad1, α-SMA, 
and pSmad1 (Figs. 2A and 2B). In contrast, siRNAs for Smad1 
did not show any effects of ALK1 expression (Fig. 2C). To con-
firm this regulatory pathway, we examined the effect of caALK1. 
Introduction of caALK1 induced the expression of both pSmad1 
and α-SMA in a dose-dependent manner in mesangial cells 
(Fig. 2D). The introduction of wt-ALK1 induced Smad1 expres-
sion in a dose-dependent manner in mesangial cells (Fig. 3A). 
The TGF-β1 stimulated activation of pSmad1 was enhanced by 
the increase of ALK1 (Fig. 3B). Further analysis was carried out 
to examine the effect of TGF-β1 on Wt-ALK1-induced mesan-
gial cells. These results suggest that ALK1 plays a central role 
in Smad1 activation in the progression of DN. 
 
TCF7L2 contributed to ALK1 expression by binding to the  

ALK1 promoter  
To identify the molecules that regulate the expression of ALK1, 
the MatInspector program, which predicts the transcription-
factor-binding sites in silico, was used to search the regions 
2000 bp upstream and 200 bp downstream from the transcrip-
tion-initiation sites of the ALK1 sequence (GenBank accession 
number NM_009612). We found a TBM (AACAAAG) (Shi-
mokawa et al., 2003) in the ALK1 gene promoter (Fig. 4A). In 
this study, we focused on TCF7L2, which is related to type 2 
diabetes (Florez et al., 2006; Grant et al., 2006), because TBM 
had the ability to bind to TCF families containing high mobility 
group (HMG) DNA-binding domains (Waterman, 2004). Then, 
we examined the role of TCF7L2 in the gene expression of 
ALK1. After the transfection of TCF7L2 into the mesangial cells, 
TGF-β1 enhanced the translocation of TCF7L2 to the nucleus 
(Fig. 4B). To confirm the binding of TCF7L2 to the ALK1 pro-
moter in vivo, we performed a ChIP assay. Immunoprecipitated 
DNA, which was purified using the specific antibody for TCF7L2, 
was analyzed for the ALK1 gene promoter. TGF-β1 induced a 
significant specific binding between TCF7L2 and TBM of ALK1 

 
 
A                            D 
 
 
 
 
 
 
B 
 
 
 
 
 
 
C 
 
 
 
 
 
 
 
 
independent experiments are shown. (D) The results of dual-luciferase reporter assay. After 48 h, the cells were lysed. Then, the activation of 

wild-type (pGL4.10-wTBM) or mutant type (pGL4.10-mTBM) reporter constructs were measured in CHO-K1 cells cotransfected with p3xFlag-

TCF7L2, vector alone (mock), or in the absence of p3xFlag-TCF7L2; pGL4.74 was used as an internal control. A representative exposure is 

shown from 3 independent experiments. The data are presented as mean ± SD. The asterisks indicate statistically significant differences when 

compared with the control (*; P < 0.01; Bonferroni/Dunn test). 

Fig. 4. TCF7L2 binds to ALK1 promoter 

and regulates ALK1 transcription activity. 

(A) The putative transcription-binding motif 

(TBM) located from 1055 bp to 1061 bp 

upstream from the transcription-initiation 

site of ALK1 sequence (NM_009612) is 

obtained using MatInspector program in 

silico. (B) Cultured mesangial cells trans-

fected with p3xFlag-TCF7L2 were incu-

bated in the presence or absence of TGF-

β1 (10 ng/ml) for 24 h prior to harvest. 

These cell lysates were divided into the 

cytoplasmic and nuclear fractions for 

western blot analysis. β-actin was used as 

the cytoplasmic control. And Histone H3 

was used as nuclear control. (C) ChIP 

assay was performed using anti-TCF7L2 

antibody with mesangial cells treated with 

or without TGF-β1 (10 ng/ml) for 24 h. 

PCR was performed using primers for the 

TBM. After sonication, DNA from 4% solu-

tions of each sample was saved as the 

input fraction (Input). All data from 1 of 3 
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TCF7L2 and pSmad2/3 protein expression in cultured mouse mesangial cells treated with AGEs for 48 h prior to harvest. β-actin was used as 

an internal control. All Western blot analysis data from 1 of 3 independent experiments are shown. 
 
 
in the mesangial cells (Fig. 4C). The transcriptional activity of 
the ALK1 gene was examined by a reporter assay. Cotransfec-
tion of the ALK1 promoter gene and the TCF7L2 gene into 
CHO-K1 cells revealed approximately 4-fold increases in tran-
scriptional activity, in comparison with the activities after trans-
fection with the control vector or that in the absence of the 
TCF7L2 gene. To confirm the specificity, cotransfection of mu-
tated TBM sites of the ALK1 promoter gene in the presence of 
TCF7L2 showed no increase in transcriptional activity (Fig. 4D). 
These results suggested that TCF7L2 could bind to TBM of 
ALK1 promoter in nuclei, thereby increasing ALK1 expression. 
Thus, the development of DN may be determined by whether 
ALK1 expression is induced through TCF7L2. 
 
Regulation of TCF7L2  
AGEs increased the expression of TCF7L2 in mouse mesan-
gial cells, which was inhibited by the addition of TGF-β1 NA (Fig. 
5A) in the same way as the expression of ALK1, Smad1, and 
α-SMA as shown in Fig. 1A. Quantitative real-time PCR and 
Western blot analysis revealed that the addition of TGF-β1 (10 
ng/ml) induced both mRNA and protein expressions of TCF7L2 
(Figs. 5B and 5C). Introduction of siRNA against TCF7L2 into 
the mesangial cells blunted the TGF-β1-induced elevated ex-
pressions of TCF7L2, ALK1, Smad1, and α-SMA (Fig. 5C). 
Furthermore, after introducing TCF7L2 into mesangial cells, the 
expressions of ALK1, and Smad1 were parallel to the TCF7L2 
expression (Fig. 5D). AGEs phosphorylated Smad2/3 in mouse 
mesangial cells, and this phosphorylation was blocked by 

SB431542. However, the increased expressions of TCF7L2 by 
AGEs was not affected by SB431542 (Fig. 5E). These findings 
indicate that in DN, the α-SMA expression in the mesangial 
cells is regulated by the AGEs/TGF-β/TCF7L2/ ALK1/Smad1 
signaling pathway in an ALK5-independent manner. 
 
Glomerular expressions of TCF7L2 and ALK1 in iNOS-Tgm  
To confirm the expressions of TCF7L2, ALK1, Smad1, pSmad1, 
and α-SMA in the diabetic kidney in vivo, we investigated the 
glomerular expression of these factors in mice DN model 
(iNOS-Tgm). Periodic acid-Schiff (PAS) staining revealed that 
the glomerular sclerotic lesion in the iNOS-Tgm was more se-
vere than that in the control mice (Figs. 6A and 6G). Increased 
glomerular expressions of TCF7L2, ALK1, Smad1, pSmad1, 
and α-SMA were observed in the diabetic renal glomeruli (Figs. 
6H-6L). In contrast, these expressions were nearly absent in 
normal glomeruli (Figs. 6B-6F). These histological observations 
support the finding that the TCF7L2/ ALK1/Smad1/α-SMA sig-
naling pathway is linked to the phenotypic change and extracel-
lular matrix expansion in DN in vivo. 
 
DISCUSSION 

 
DN is characterized by typical pathological changes, and me-
sangial matrix expansion, resulting in renal dysfunction (Kanwar 
et al., 2008; Schrijvers et al., 2004). We have previously re-
ported that Smad1 signal transduction plays a central role in the 
development of mesangial matrix expansion in DN (Abe et al., 

Fig. 5. Regulation of ALK1, Smad1,

and α-SMA by TCF7L2. (A) Western

blot analysis of ALK1, Smad1, and α-

SMA protein expressions in cultured

mouse mesangial cells treated with

AGEs in the presence of neutralizing

antibody (NA) for TGF-β1 or control

chicken IgY. (B) Quantitative real-

time PCR analysis of TCF7L2 mRNA

expression in total RNA lysates from

mesangial cells treated with TGF-β1

for 24 h. Expression of GAPDH served

as an internal control. A representa-

tive exposure is shown from 3 inde-

pendent experiments. The data are

presented as mean ± SD. The aster-

isks indicate statistically significant

differences in comparison with the

control (*; P < 0.01; Student’s t-test).

(C) Cultured mouse mesangial cells

were transfected with siTCF7L2 or

siControl. After 48 h, the cells were

cultured in the presence of TGF-β1

for 24 h prior to harvest for western

blot analysis of TCF7L2, ALK1, Smad1,

and α-SMA. (D) The cells were trans-

fected with the TCF7L2 expression

vector (0, 2.5, and 5 μg plasmid DNA/

well) in a dose-dependent manner.

After 48 h, cell lysates were prepared,

and TCF7L2, ALK1, and Smad1

were visualized by western blot ana-

lysis. (E) Western blot analysis of
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Fig. 6. Expressions of TCF7L2, ALK1, Smad1, pSmad1, and α-

SMA in mouse DN. (A, G) The kidney paraffin sections derived from 

control mice (A) and iNOS-Tgm (G) were stained by periodic acid-

Schiff staining (PAS) reagent. (B-F and H-L) The cryopreserved 

kidney sections derived from control mice (B-F) and iNOS-Tgm (H-

L) were used for immunofluorescent staining: TCF7L2 (B, H), ALK1 

(C, I), Smad1 (D, J), pSmad1 (E, K), and α-SMA (F, L). All data 

from 1 of 3 independent experiments are shown. 
 
 
2004; Matsubara et al., 2006; Mima et al., 2008). In this study, 
we have further demonstrated a novel upstream mechanism for 
Smad1 signaling in DN. The fact that Smad1 is induced and 
activated by ALK1 suggests that TGF-β/ALK1 is directly in- 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7. The proposed model for the role of TCF7L2/ALK1/Smad1 

signal transduction pathway in diabetic condition. The figure illus-

trates TCF7L2 binding to ALK1 promoter and the role of ALK1 and 

does not depict other possible mechanisms. 
 
 
volved in the development of diabetic glomerulosclerosis; there-
fore, ALK1 has the potential to become a novel therapeutic 
target of DN. While we had reported that urinary Smad1 was 
useful as a superior predictor for the development of DN 
(Matsubara et al., 2006), it was difficult to establish suitable 
tests, because Smad1 was a transcriptional factor. However, 
ALK1 may be easily detected, and it reflects the direct change 
in diabetic glomeruli because ALK1 is a transmembrane protein 
and its expression restarted in the kidney under diabetic condi-
tions, whereas, previous studies have reported that the TGF-
β/ALK5/Smad2/3 signaling pathway is not associated with the 
diabetic microangiopathy characterized by endothelial cell pro-
liferation (Wang and Hirschberg, 2009), suggesting that this 
pathway has relatively low significance as a predictor of early 
DN. The TGF-β/ALK1/Smad1/5/8 signaling pathway is consid-
ered to be a highly specific marker and a novel therapeutic 
target for DN, including early-phase DN. However, further in-
vestigation is required to understand the regulatory mechanism 
for ALK1 expression.  

This study has clearly proved that TCF7L2 acts as a key tran-
scription factor for ALK1 in the development of DN. TCF7L2 is 
an HMG box-containing transcription factor, and then the 
variant of TCF7L2 is strongly associated with the pathophysiol-
ogy of type 2 diabetes, DN, and chronic kidney disease (CKD) 
(Florez et al., 2006; Grant et al., 2006; Kottgen et al., 2008; 
Sale et al., 2007). The regulatory mechanisms of TCF7L2 have 
only been reported in the case of proinsulin processing by 
TCF7L2 in the pancreatic beta cells (Liu and Habener, 2008; 
Shu et al., 2008). This study indicates a new role of TCF7L2 in 
the development of diabetic complications. TGF-β induced the 
translocation of TCF7L2 from the cytoplasm to the nucleus in 
mouse mesangial cells, resulting in an increase in the transcrip-
tional activation of ALK1. Furthermore, TGF-β directly induced 
the expression of TCF7L2 in mesangial cells in vitro, and then, 
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the expression of TCF7L2 dramatically increased in mouse 
diabetic glomerulosclerosis in vivo. Other studies have reported 
similar phenomena in which TCF7L2 expression was observed 
in Zucker diabetic fatty rat islets and human pancreatic islets of 
type 2 diabetes (Lyssenko et al., 2007; Parton et al., 2006). 
This study is the first report that TCF7L2 expression is in-
creased in mouse mesangial cells treated with TGF-β and in 
glomeruli of diabetic mice. Therefore, the regulation of TCF7L2 
by TGF-β may play a new key role in the development of DN. 
TBM in the ALK1 promoter may connect with various TCFs, 
including TCF7, TCF7L1, TCF7L2, or their variants. In this 
study we have focused on wild-type TCF7L2 because the pro-
tein conformation of variant TCF7L2 was not known, and the 
function of both TCF7 and TCF7L1 was unclear (Elbein et al., 
2009; Sale et al., 2007; Weedon et al., 2005).  

Phenotypic changes in mesangial cells are an important 
pathological change in glomerular injury, which is usually asso-
ciated with glomerulosclerosis. Although several mechanisms 
have been proposed for the occurrence of phenotypic changes 
in the mesangial cells, no conclusive evidence has been ob-
tained. This study shows that ALK1/Smad1 signaling is a key 
determinant for increased expression of α-SMA as well as me-
sangial matrix expansion. TGF-β and ALK1 achieve a synergis-
tic effect on Smad1 activation and α-SMA expression; in addi-
tion, blocking of ALK1 can completely inhibit these effects. 
These findings show that TGF-β is an upstream regulator for 
these pathological features, whereas ALK1 is a critical determi-
nant for the development of phenotypic change. 

About 40% of type 2 diabetic patients develop DN in the long-
term course of their disease. DN has an important impact on 
morbidity/mortality in diabetic patients. In contrast, it is generally 
acknowledged that there are long-standing diabetic patients 
without nephropathy (Bojestig et al., 1994; Schrijvers et al., 
2004). The reasons for these clinical differences have remained 
unknown. However, recent reports showed that these differ-
ences may be attributed to the allelic odds ratio of TCF7L2 (OR 
= 1.45-2.41) (Florez et al., 2006; Grant et al., 2006). We think 
that the development of diabetic glomerulosclerosis may be 
regulated by the expression levels of TCF7L2 and the binding 
affinity of TCF7L2 to ALK1. Elucidation of this molecular 
mechanism is important. 

Microalbuminuria is a sign of renal dysfunction and is cur-
rently considered to be an independent predictor of cardiovas-
cular events and mortality in diabetic patients (Gerstein et al., 
2001). Although CKD is recognized as an independent cardio-
vascular disease (CVD) risk state (Go et al., 2004), the differ-
ences in the molecular mechanisms between CKD and CVD 
are unclear. Previous reports suggested that ALK1 was closely 
associated with the expression of α-SMA and the development 
of atherosclerosis (Yao et al., 2007), which was responsible for 
CVD (Keelan et al., 2001). Furthermore, recent reports describe 
TCF7L2 SNP as being associated with a higher risk of meta-
bolic syndrome (MetS) (Sjogren et al., 2008; Warodomwichit et 
al., 2009), which is a cluster of factors contributing to increased 
risk of CVD and type 2 diabetes (Isomaa et al., 2001), however, 
the unifying mechanisms have not been identified. Our findings 
may provide new evidence showing that TCF7L2 is a key 
molecule in the relationship between CKD and CVD. 

In conclusion, AGEs induced TCF7L2 expression through 
TGF-β in mouse mesangial cells. The TCF7L2 translocation to 
the nucleus increased and TCF7L2 bound to the ALK1 pro-
moter, thereby resulting in increased ALK1 expression. The role 
of ALK1 in the increase of Smad1 is uncertain; however, in-
creased ALK1 enhances the effect of TGF-β and further pro-
motes the phosphorylation of Smad1 (Fig. 7). These interac-

tions cause the phenotypic changes in mesangial cells, and 
these changes are characterized by the increased expression 
of α-SMA, thereby resulting in the development of glomerulo-
sclerosis. These results suggest that the AGEs/TGF-β/TCF7L2/ 
ALK1/Smad1 signaling pathway plays a key role in the devel-
opment of diabetic nephropathy. 
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