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Id1 is a member of the inhibitor of differentiation (Id) protein family that regulates a wide range of cell functions. 
Previous studies have shown that expression of the Id1 gene is down-regulated by TGF-β in epithelial cells, whereas 
it is up-regulated by BMP in a variety of cell types. During our study of the biological function of TGF-β1, we found 
that Id1 can be strongly up-regulated by TGF-β1 in the human mammary gland epithelial cell line MCF10A. Quanti-
tative real-time RT-PCR has revealed as high as 7.5-fold induction of Id1 mRNA by TGF-β1 in MCF10A cells after 1 
h of TGF-β1 stimulation, and this induction does not require de novo protein synthesis. Using Smad knockdown and 
knockout approaches, we have identified Smad3 as the responsible R-Smad for mediating transcriptional activation 
of the Id1 gene. Chromatin immunoprecipitation assay confirms that Smad3 and Smad4 bind to the upstream region 
of the Id1 gene. Our results demonstrate that Smad3, but not Smad2, mediates TGF-β1-dependent early transcrip-
tional induction of Id1.
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Introduction

The TGF-β superfamily signaling is mediated by cell 
surface type I and type II receptors (i.e. TbRI and TbRII 
in the case of TGF-β ligands), both of which are serine/
threonine kinases, and intracellular Smad proteins [1, 
2]. Upon ligand binding to the cell surface TbRII, TbRII 
phosphorylates the downstream kinase TbRI. The acti-
vated TbRI then phosphorylates the two TGF-β-specific 
R-Smad proteins, i.e. Smad2 and Smad3, at their C-
terminal SXS motifs. Phospho-Smad2/3 form a complex 
with the common mediator Smad4, and the heteromeric 
Smad complex then accumulates in the nucleus, where it 
binds to a Smad-binding element (SBE) AGAC and co-
operates with a large number of transcription co-regula-
tors at the promoters of diverse arrays of target genes [3]. 
On many TGF-β target gene promoters, Smads cooperate 
with a context-dependent sequence-specific DNA-bind-
ing transcription activator to activate the gene promoter. 

For instance, Smads physically interact and functionally 
synergize with Sp1 to up-regulate the p15 transcription in 
response to TGF-β [4]. Smads also mediate active repres-
sion of certain genes such as the Id1 gene in cooperation 
with ATF3 [5].

Id1 is a member of the helix-loop-helix (HLH) protein 
family that comprises four members (Id1 through 4) [6]. 
They mostly act as negative transcriptional regulators in 
many biological processes such as cell differentiation, 
cell senescence, neurogenesis, apoptosis and angiogen-
esis [6-13]. As all of them lack a DNA-binding domain, 
they heterodimerize with and inhibit the function of basic 
HLH (bHLH) transcription factors [6, 14], for examples, 
myogenic regulatory factors, such as MyoD, myogenin, 
Myf5 and MRF4/Myf6 [15, 16], or class A of E proteins, 
such as E12, E47, E2-2 and ITF-2 [15, 17-19]. Inhibi-
tor of differentiation (Id) proteins also interact with non-
HLH proteins such as Ets2 [20] and MIDA1 [21] to 
regulate their activities. It is reported that Id1 protein is 
required for BCR/ABL-mediated leukemogenesis [22]. 
A series of downstream target genes of Id1 have been 
identified by hybridization and microarray analysis [10, 
23, 24]. Id1 can localize to centrosomes and induce ab-
normal centrosome numbers in human primary cells and 
tumor cell lines [25]. Expression of Id1 is regulated by a 
variety of ligands, including BMPs of the TGF-β super-
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family [26].
During the course of our study on TGF-β-dependent 

gene regulation, we noticed that Id1 gene could be tran-
siently, yet significantly, induced by TGF-β. Although 
both positive and negative transcriptional regulation of 
Id1 by TGF-β1 has been reported [5, 27], it is generally 
believed that Id1 gene is repressed for TGF-β to achieve 
its cytostatic and stress responses in epithelial cells. 
Furthermore, Id1 induction in certain cell types may be 
mediated through the ALK1-activated Smad1 pathway, 
but not through the TbRI-activated Smad2/3 pathway 
[28]. Therefore, the molecular mechanism underlying 
transcriptional activation of Id1 by TGF-β1 still remains 
elusive. In this study, we have demonstrated that TGF-β1 
transiently and profoundly induces transcription of Id1 in 
human epithelial cells and mouse embryonic fibroblasts 
(MEFs). The Id1 induction is then switched to repression 
after continuous TGF-β stimulation. For the first time, 
we have determined that Smad3, but not Smad2, medi-
ates TGF-β1-dependent transcriptional induction of the 
Id1 gene in human epithelial cells and MEFs. The Id1 in-
duction is directly associated with the binding of Smad3 
to the upstream region of the Id1 promoter and TGF-β-
induced acetylation of histones H3 and H4.

 
Results

Id1 is induced by TGF-β1 in various human epithelial 
cell lines

Although previous studies have reported both repres-
sion and induction of the Id1 gene by TGF-β [5, 27], it 
is a dominant view that TGF-β primarily represses Id1 
transcription [5]. Most of these studies focus on the regu-
lation of the Id1 gene with prolonged TGF-β1 treatment 
(e.g. >3 h TGF-β1 treatment). It remains unclear whether 
the induction or repression is cell type-specific or can 

take place in the same cell. In this study, we re-examined 
the regulation of Id1 expression by TGF-β1, particularly 
by short TGF-β1 exposure. The steady-state level of en-
dogenous Id1 protein was analyzed in three human cell 
lines: MCF10A, HaCaT and HeLa cells. These cells were 
treated with TGF-β1 for various time periods from 15 
min up to 4 h, and the level of Id1 protein was measured 
by anti-Id1 western blotting analysis. In order to elimi-
nate the effect of residual TGF-β1 in serum-containing 
medium, cells were serum starved overnight, and the 
TGF-β1 treatment was carried out in serum-free medi-
um. As shown in Figure 1, Id1 protein could be induced 
transiently by TGF-β1 in all the three human cell lines. 
Id1 protein induction was observed at 15 min of TGF-β1 
treatment, and Id1 protein level reached the peak at 1 h 
after TGF-β1 addition, with an exception that Id1 protein 
was more gradually induced and reached its peak at 1.5 h 
in MCF10A cells. AS the positive controls, we observed 
a rapid induction in phosphorylation of Smad2 and 
Smad3 with 15 min of TGF-β1 treatment. After reaching 
its peak, Id1 protein level gradually decreased even with 
the presence of TGF-β1. In accordance with previous 
reports [5, 27], the Id1 protein level at 4 h after TGF-β1 
treatment was below the basal level, indicating that the 
Id1 gene was repressed or Id1 protein was rapidly de-
graded. Thus, Id1 protein is transiently induced by TGF-β1 
in various human cell lines. 

Id1 is an immediate early response gene of TGF-β1
To determine whether the early increase in the Id1 

protein level is attributed to the increased Id1 transcrip-
tion, real-time RT-PCR was carried out to quantify the 
Id1 mRNA level in MCF10A cells. Total RNAs were pre-
pared from MCF10A cells that were treated with TGF-β1 
for various time periods up to 12 h. As shown in Figure 
2A and 2B, the peak of Id1 mRNA induction was ob-
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Figure 1 TGF-β1 induces Id1 expression in human epithelial cells. (A) TGF-β1 induces Id1 expression in MCF10A cells. 
MCF10A cells at 80% confluence were starved in serum-free medium for 12 h and then treated with TGF-β1 (5 ng/ml) for the 
indicated time periods. Cell lysates were harvested with SDS sample buffer and loaded on a 12% SDS-PAGE gel for western 
blotting analysis using antibodies against the indicated protein. (B) TGF-β1 induces Id1 expression in HeLa cells. Experimen-
tal procedures are the same as described for MCF10A cells. (C) TGF-β1 induces Id1 expression in HaCaT cells. Experimen-
tal procedures are the same as described for MCF10A cells.
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served at 1 h after TGF-β1 stimulation regardless of the 
growth conditions. At the peak time, TGF-β1 induced a 
2.2- and 7.5-fold increase of Id1 mRNA when MCF10A 
cells were cultured in low-serum (Figure 2A) and serum-
free media (Figure 2B), respectively. This result suggests 
that the increased level of Id1 protein in Figure 1 results 
from the increased level of Id1 mRNA induced by TGF-
β1. As observed with Id1 protein level, Id1 mRNA level 
decreased gradually after 1 h of TGF-β1 treatment, and 
the level of Id1 mRNA returned to the basal level after 
4 h of TGF-β1 treatment. Later time points showed that 
prolonged TGF-β1 treatment caused the decline of Id1 
mRNA to fall below the basal level, indicating a repres-

sion of the Id1 transcription. Therefore, TGF-β1 has a 
dual effect on Id1 transcription. Whilst cells exposed to 
TGF-β1 for short time (< 1 h) exhibit an acute response 
to induce Id1 mRNA, chronic TGF-β1 treatment (> 4 h) 
has a repressive effect on Id1 transcription.

The observation that Id1 mRNA was induced by TGF-
β1 within 1 h implies that Id1 induction by TGF-β1 is an 
immediate early response, independent of new protein 
synthesis. To confirm this, we treated MCF10A cells 
with the protein synthesis inhibitor cycloheximide (CHX) 
for 30 min prior to and during TGF-β1 stimulation. RT-
PCR analysis showed that CHX treatment did not af-
fect the early induction of Id1 transcription by TGF-β1 
(Figure 2C). Interestingly, under such conditions TGF-
β1-induced Id1 mRNA continues to rise with continuous 
TGF-β1 stimulation (up to 4 h, Figure 2C). These results 
suggest that TGF-β1-mediated early induction of Id1 
does not require new protein synthesis, whereas TGF-β1-
mediated late repression of Id1 transcription is dependent 
on de novo protein synthesis. The observation that Id1 
repression requires new protein synthesis is consistent 
with a previous report that TGF-β-induced ATF3 medi-
ates Id1 repression [5].

TGF-β1-dependent Id1 induction does not require Smad2
Smad2 and Smad3 are key intracellular signal trans-

ducers for TGF-β1 responses. Here we took a loss-
of-function approach to determine whether TGF-β1-
mediated Id1 induction is a Smad-dependent response. 
As a first step, we established cell lines derived from 
MCF10A that stably express Smad2 shRNA (shSmad2). 
The level of Smad3 was unchanged when 80% knock-
down of endogenous Smad2 was achieved (Figure 3A). 
Control and Smad2 shRNA cells were then treated with 
TGF-β1 for different time periods, and Id1 protein level 
was determined by western blotting analysis (Figure 3A). 
Compared to control cells, knockdown of Smad2 had no 
effect on the induction profile of Id1 protein by TGF-β1 
(Figure 3A). 

To rule out the possibility that a low level of Smad2 
in Smad2 shRNA cells suffices to mediate TGF-β1-
induced Id1 expression, we analyzed the Id1 induction in 
Smad2-null MEFs (Smad2KO). Smad2-null MEFs were 
treated with TGF-β1 for 1 h, and Id1 protein level was 
determined by western blotting analysis. We found that 
Smad2-null MEFs responded well to TGF-β1 to induce 
Smad3 phosphorylation and Id1 expression (Figure 3C, 
lane 4). In addition, we included BMP2 as a control be-
cause it is a well-known inducer of Id1 expression [29, 
30]. As expected, BMP2 normally induces Smad1 phos-
phorylation and does not require Smad2 for Id1 induc-
tion (Figure 3C, lane 2). These data suggest that Smad2 
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Figure 2 TGF-β1 induces Id1 mRNA independently of new 
protein synthesis. (A) TGF-β1 moderately induces Id1 mRNA 
in MCF10A cells. MCF10A cells were grown in the presence of 
0.2% horse serum to 80% confluence and treated with TGF-β1 
(5 ng/ml). Cells were harvested at the indicated time, total RNA 
was extracted and subjected to subsequent quantitative RT-
PCR analysis of Id1 mRNA. (B) TGF-β1 rapidly and profoundly 
induces Id1 mRNA in serum-starved MCF10A cells. MCF10A 
cells were grown to 80% confluence, starved in serum-free 
medium for 12 h and then treated with TGF-β1 (5 ng/ml). Cells 
were harvested at the indicated time, total RNA was extracted 
and subjected to subsequent quantitative RT-PCR analysis of 
Id1 mRNA. (C) Id1 is an early response gene to TGF-β1. MC-
F10A cells were first serum-starved for 12 h and then treated 
with TGF-β1 (5 ng/ml) in the presence of protein synthesis in-
hibitor CHX. PCR products were separated by a 1.5% agarose 
gel. DNA bands correspond to the full length of Id1 cDNA.
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is dispensable for Id1 induction by TGF-β1 or BMP. In 
the same experiment, we also treated Smad2KO MEFs 
with the proteasome inhibitor MG132 on top of BMP2 
and TGF-β1 (Figure 3C, lanes 3 and 5) or alone (Figure 
3C, lane 6), and MG132 did not significantly increase the 
Id1 protein level when Id1 was strongly induced by ei-
ther BMP2 or TGF-β1 under the Smad2KO background.

Smad3 is indispensable for TGF-β1-triggered Id1 induction
Smad2 and Smad3, two close homologous that share 

92% identities, are both activated by the same TGF-β 
type I receptor to mediate specific and sometimes distinct 
TGF-β1 responses. To compare the functions of Smad2 
and Smad3 in mediating TGF-β1-mediated Id1 induc-
tion, we also generated MCF10A stable cells (shSmad3) 
that express Smad3 shRNA to knock down the expres-
sion of Smad3 protein. As shown in Figure 4A, depletion 
of Smad3 expression was evident, and it had no effect on 
Smad2 or b-actin expression. In these shSmad3 stable 
cells, Id1 induction by TGF-β1 was abolished. Thus, 
even though Smad2 protein was normally phosphory-
lated in response to TGF-β1 in the shSmad3 cells, Smad2 
apparently failed to compensate for the loss of Smad3 
function. This result suggests that Smad3 is a rate-limit-
ing and perhaps indispensable factor for Id1 induction by 
TGF-β1 in MCF10A cells. 

To confirm the critical role of Smad3 in TGF-β1-
mediated induction of Id1, we also performed the experi-
ment with Smad3-null MEFs. In Smad3-null MEFs, the 
ability of TGF-β1 to induce Id1 expression was abolished 
(Figure 4B, lane 4). To prove that the effect of Smad3 
deletion is specific for TGF-β1 responses and thus the 
integrity of BMP signaling is not affected, we examined 
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Figure 3 Smad2 is dispensable for Id1 induction by TGF-β1. (A) Knockdown of Smad2 expression has no effect on TGF-
β-induced Id1 expression in MCF10A cells. MCF10A cells control (WT) and stable cells expressing shRNA against Smad2 
(shSmad2) were grown in serum-free medium for 12 h and treated with TGF-β1 (5 ng/ml) for the indicated time periods. Cells 
were then harvested and cell lysates were subjected to western blotting analysis using the indicated antibodies. (B) TGF-β1 
induces Id1 expression in Smad2-null mouse embryonic fibroblasts (MEFs). Smad2-null MEFs were serum-starved for 12 h 
and then treated with BMP2 (2 h) or TGF-β1 (1.5 h), and in some cases with proteasome inhibitor MG-132, in the same me-
dium. Cell lysates were subjected to western blotting analysis using the indicated antibodies.

Id1 induction by BMP2. It is clear that Smad3-null MEFs 
still retained the response to BMP2 (Figure 4B, lane 
2). The presence of the proteasome inhibitor MG132 in 
Smad3-null MEFs leads to a further increased accumula-
tion of Id1 protein in the presence of BMP2 (Figure 4B, 
lane 3), suggesting that a quick turn-over mechanism by 
the 26S proteasome exists for Id1 protein in Smad3-null 
MEFs.

Smad3 and Smad4 bind to the mouse Id1 promoter
We next attempted to analyze the mouse Id1 gene pro-

moter and investigate its chromatin alteration in response 
to TGF-β. The BMP-responsive element of the Id1 pro-
moter has been localized to a small fragment containing 
a cluster of SBE and binding sites of other transcription 
factors [29, 30]. To determine the TGF-β1 responsive 
element in the Id1 promoter, we analyzed the ~2-kb se-
quence upstream of the transcriptional initiation site of 
the Id1 gene. Within the proximal 2-kb region (nt −2 000 
to −1), twenty five potential SBE, GTCT or AGAC have 
been found. Three of these regions (−1 850 to −1 467, 
−1 265 to −926, and −255 to +47) contain 8, 6 and 2 po-
tential SBE motifs, respectively (Figure 5A).

Since Smad3 is essential for mediating TGF-β-induced 
Id1 expression, we sought to determine if Smad3 and 
Smad4 (as an obligatory cofactor of Smad3) bind to the 
native Id1 promoter in vivo, by chromatin immunopre-
cipitation (ChIP) assays with anti-Smad3 and anti-Smad4 
antibodies. Since we have already excluded the involve-
ment of Smad2 for Id1 activation by TGF-β1, we chose 
Smad2-null MEFs for ChIP assays to avoid residual an-
tibody cross-reactivity between Smad2 and Smad3. Four 
pairs of primers were then selected to amplify the indi-
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cated specific regions in the mouse Id1 promoter (Figure 
5A), with the downstream sequence nt +757 to +1 114 as 
a negative control. As shown in Figure 5B, Smad3 bound 
to only one region of the mouse Id1 promoter (−1 265 
to −926) after 1 h of TGF-β1 treatment. In the absence 
of TGF-β stimulation, anti-Smad3 antibody could not 
enrich any region of the mouse Id1 promoter. Smad4 was 
capable of binding to all three upstream promoter regions 
in the presence, but not absence, of TGF-β (Figure 5C). 
As a negative control, neither Smad3 nor Smad4 immu-
noprecipitation could enrich the 3′ region (+757/+1 114) 
(Figure 5B and 5C). Our results suggest that Smad3 and 
Smad4 only bind to the upstream region of the mouse 
Id1 promoter after TGF-β stimulation, consistent with 
the indispensable role of Smad3 protein in the Id1 induc-
tion by TGF-β.

TGF-β1 induces histone acetylation at the mouse Id1 
promoter

It is well documented that acetylation of lysine resi-
dues in the N-terminal tails of histones H3 and H4 cor-
relates positively with gene transcription [31, 32]. Upon 

TGF-β stimulation, activated Smads can recruit tran-
scription coactivators such as histone acetyltransferase 
CBP/p300 to the promoter [33-35]. To analyze the acety-
lation status of histones H3 and H4 during the activation 
of Id1 gene by TGF-β1, we carried out ChIP assays with 
anti-acetyl histone H3K14 and anti-acetyl histone H4 an-
tibodies.

We assessed the presence of acetylated H3 and H4 
in the same Smad-binding regions by ChIP assays. As 
shown in Figure 5D and 5E, TGF-β1 stimulation (1 and 
3 h) induced a significant increase in acetylation of both 
histone H3 and histone H4 associated with all the three 
upstream regions of the Id1 gene promoter. However, the 
region of nt −1 850 to −1 467 appeared to have higher 
levels of acetylated H3/H4 than the other two regions. 
The levels of H3/H4 acetylation gradually decreased 
after TGF-β1 treatment for a long time and reached the 
basal level at 6 h, which correlates well with the re-
pressed state of the Id1 promoter. These results suggest 
that histone H3 and H4 acetylation is associated with the 
transactivated Id1 promoter in the early response phase 
to TGF-β1.

Discussion

This study provides a mechanistic view on how the 
Id1 gene is regulated by TGF-β. We found that Smad3, 
but not Smad2, is required for the immediate early in-
duction of the Id1 gene in both human and mouse cells. 
Smad3, together with Smad4, binds to the Id1 promoter. 
The ability of TGF-β1 to induce acetylation of H3 
and H4 in the same promoter region suggests that the 
Smad3/4 activator complex likely recruits coactivators 
such as p300/CBP to facilitate transcriptional induction 
of the Id1 gene. However, long-term TGF-β1 stimulation 
(> 4 h) resulted in transcriptional repression of the Id1 
gene, which depends on new protein synthesis, as previ-
ously reported [5]. It has been shown that ATF3 interacts 
with Smad3 and binds to the CRE/ATF binding sequence 
in this region to repress the expression of Id1 after 2 h 
of TGF-β1 stimulation [5]. It has also been reported that 
Smad3 can interact with HDAC4 and HDAC5 to repress 
the expression of Runx2 gene [36]. It is conceivable 
that ATF3, whose expression is induced by TGF-β1, re-
cruits HDACs to the Smad complex, thereby converting 
it from an activator to a repressor complex. We found 
that the timing of transcriptional repression is well cor-
related with decreases in the levels of acetylated H3 and 
H4 (Figure 5D and 5E). Therefore, regulation of the Id1 
gene by TGF-β1 is a complicated event, shifting from an 
early induction phase to a late repression phase.

The biphasic regulation of Id1 implicates a complex 
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Figure 4 Smad3 is essential for Id1 induction by TGF-β1. (A) 
Knockdown of Smad3 expression abolished TGF-β-induced Id1 
expression in MCF10A cells. MCF10A cells control (WT) and 
stable cells expressing shRNA against Smad3 (shSmad3) were 
compared. Cell treatment, cell lysate harvest and western blot-
ting analysis were essentially the same as described in Figure 
3. (B) TGF-β1 induces Id1 expression in Smad3-null mouse 
embryonic fibroblasts (MEFs). Cell treatment, cell lysate harvest 
and western blotting analysis were essentially the same as de-
scribed in Figure 3. 



www.cell-research.com | Cell Research

Yao-Yun Liang et al.
145

npg

A

B

D E

C

nt -1850 to -1467

nt -1265 to -926

nt -255 to +47

-1850 to -1467

-1265 to -926

-255 to +47

+757 to +1114

Legend:

GTCT (SBE)
AGAC (SBE)

TGACGTCA (CRE/ATF)

-1850 to -1467

-1265 to -926

-255 to +47

+757 to +1114

-1850 to -1467

-1265 to -926

-255 to +47

-1850 to -1467

-1265 to -926

-255 to +47

-1818

-1216

-1552

-1024

-61     -42

Inp
ut

In
pu

t

In
pu

t

Inp
ut

Moc
k

Moc
k

Untr
ea

ted

Untr
ea

ted

Tre
ate

d

Tre
ate

d

1    2    3     4    5    6    7 1    2     3    4     5    6    7

1         2         3          4 1           2        3          4

–    +     –    +    –     + –    +    –    +    –     +
1 h      3 h       6 h 1 h        3 h        6 h

TGF-β1 TGF-β1

Figure 5 TGF-β1 induces Smad3 and Smad4 binding to and histone acetylation on the mouse Id1 promoter. (A) Schematic 
presentation of the upstream sequence of the mouse Id1 promoter. Smad-binding element (SBE) and cAMP-responsive ele-
ment/ATF binding (CRE/ATF) are shown. (B) TGF-β1 induces Smad3 binding to the mouse Id1 promoter. Smad2-null MEFs 
were untreated, mock-treated or TGF-β1-treated for 1.5 h. Chromatin immunoprecipitation (ChIP) assays were carried out us-
ing anti-Smad2/3 (E20, Santa Cruz Biotechnology). ChIP products were amplified by using PCR, which were then separated 
by a 2% agarose gel. (C) TGF-β1 induces Smad4 binding to the mouse Id1 promoter. Smad2-null MEFs were untreated, 
mock-treated or TGF-β1-treated for 1.5 h. ChIP assays were carried out using anti-Smad4 (B8, Santa Cruz Biotechnology), 
essentially as described in the text and in panel B. (D) TGF-β1 induces histone H3 acetylation on the mouse Id1 promoter. 
Smad2-null MEFs were untreated, mock-treated or TGF-β1-treated for 1, 3 or 6 h. ChIP assays were carried out using anti-
ActH3 antibody (Cell Signaling Technology), essentially as described in the text and in panel B. (E) TGF-β1 induces histone 
H4 acetylation on the mouse Id1 promoter. Smad2-null MEFs were untreated, mock-treated or TGF-β1-treated for 1, 3 or 6 h. 
ChIP assays were carried out using anti-ActH4 antibody (Cell Signaling Technology), essentially as described in the text and 
panel B.

role of Id1 in modulating TGF-β1 responses. Although 
the exact role of Id1’s early induction in TGF-β respons-
es awaits further investigation, certain possible roles of 
Id1 in regulating TGF-β signaling can be envisioned. As 
Id1 is an inhibitor of differentiation via its association 
with bHLH transcription factors [6, 14], the early induc-
tion of Id1 may confer TGF-β the ability to inhibit differ-
entiation by controlling the activities of bHLH proteins. 
For instance, considering that TGF-β is a potent inhibitor 
of myogenic differentiation [37], it is possible that TGF-β-
induced Id1 early expression contributes to early inhibi-
tion or delay of the myogenic function of transcription 
factors such as MyoD during skeletal muscle differentia-

tion. Similarly, a previous report clearly shows that Id1 
induction regulates smooth muscle cell differentiation in 
response to TGF-β, during which USF, a bHLH factor, 
is involved in E box-dependent expression of smooth 
muscle genes [27]. Therefore, it is tempting to speculate 
that in response to TGF-β, Id1 induction contributes to 
inhibition of bHLH transcription factors that are involved 
in the differentiation of various cell lineages. 

Repression of Id1 in the late phase of gene expression 
in response to TGF-β is also critical to maintain proper 
cellular responses to TGF-β. As there is good evidence 
demonstrating that Id1 promotes cell proliferation likely 
through inhibition of cyclin-dependent kinase inhibitors 
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(CKIs) [6, 10], induction of Id1 would be contradictory 
to the ability of TGF-β to arrest cells in the G1 phase 
of cell cycle. Thus, it may be necessary to remove the 
excess amount of Id1 to ensure the antiproliferative re-
sponse to TGF-β in epithelial cells such as HaCaT kerati-
nocytes and MCF10A mammary epithelial cells. During 
the immediate early phase of response to TGF-β (before 
4 h), CKIs such as p21 and p15 are transcriptionally in-
duced along with Id1 and its repressor ATF3. Four hours 
after TGF-β stimulation, cell cycle inhibitors continue 
to rise while Id1 becomes transcriptionally repressed by 
ATF3. Loss of Id1 expression also coincides with TGF-
β-dependent repression of c-Myc, a factor that positively 
controls Id1 expression [38]. It has been reported that 
down-regulation of Id1 expression is associated with 
TGF-β-induced cell cycle arrest in prostate epithelial 
cells [39, 40]. The negative role of Id1 in TGF-β-induced 
antiproliferative response is further supported by previ-
ous studies showing that forced overexpression of Ids in 
human keratinocytes and endothelial cells delays senes-
cence, probably through inactivation of CKIs [41-43]. 
Together with these studies, our findings provide valu-
able information on the regulation of the Id1 gene and its 
potential functions in influencing TGF-β responses dur-
ing cell proliferation and differentiation. 

Materials and Methods

Cell cultures, TGF-β1 treatment, antibodies and western 
blotting

Human mammary epithelial MCF10A cells were maintained 
in D-MEM/F-12 medium complemented with 5% horse serum, 
10 mg/ml insulin (Sigma), 0.5 mg/ml hydrocortisone (Sigma), 0.02 
mg/ml epidermal growth factor (Sigma) and 1% of penicillin and 
streptomycin (Invitrogen). HeLa cells, Smad2−/− and Smad3−/− 
MEFs were cultured in D-MEM medium supplemented with 15% 
of fetal bovine serum (FBS) and 1% of penicillin and streptomy-
cin. HaCaT cells were maintained in MEM medium + 1% of non-
essential amino acids (NEAA, Invitrogen) + 10% of FBS and 1% 
of penicillin and streptomycin.

For Id1 induction, MCF10A cells were washed once with and 
maintained in serum-free medium for 12 h before TGF-β1 treat-
ment (5 ng/ml). For cycloheximide (CHX, Sigma) treatment, it 
was added to the medium at 100 mM for 30 min prior to TGF-β1 
stimulation. Endogenous Id1 was detected using a polyclonal anti-
Id1 antibody (C2, Santa Cruz Biotechnology). Endogenous Smad2, 
Smad3 and phosphorylated Smad2 were detected using polyclonal 
antibodies from Zymed. Anti-phosphorylated Smad3 was a kind 
gift of Dr Ed Leof (Mayo Clinic). Anti-b-actin, a monoclonal anti-
body, was obtained from Sigma. Western analysis was detected by 
Western Lightning Kit (Perkin-Elmer Life Science, Inc.) or Super-
Signal West Dura and Femto (Pierce) with Kodak Image Station 
440.

RT-PCR

Total RNAs were prepared from TGF-β1-treated or untreated 
MCF10A cells with Trizol reagent (Invitrogen). The first-strand 
cDNAs were synthesized with 2.5 mg of total RNA. All real-time 
RT-PCR quantifications were carried out with the 7300 real-time 
PCR system and TaqMan reagents with triplicate (Applied Bio-
System), and regular RT-PCRs were performed in a PCR machine 
(PTC-200 Peltier Thermal Cycler of DNA Engine).

Retroviral infection
Retroviral vector pSRG expressing shRNAs against human 

Smad2 and Smad3 have been previously described [44]. pSRG-
shSmad2 or pSRG-shSmad3 DNA was co-transfected with the 
plasmid pCL into 293T cell using CaCl2 method to produce retro-
virus particles. MCF10A cells were infected overnight by freshly 
prepared retroviruses and selected puromycin (2.0 mg/ml, Sigma). 
All puromycin-resistant colonies were pooled together for further 
studies.

Cell transfection and luciferase assays
Mouse Id1-luciferase constructs were kind gifts of Dr Benezra 

[45]. HepG2 cells were co-transfected with 0.5 mg of mouse Id1-
luciferase reporter plasmid and 0.05 mg of SV40 b-galactosidase 
plasmid by FuGene 6 in 12-well plates according to the manu-
facturer’s instructions (Roche). At 48 h after transfection, cells 
were treated with TGF-β1 (5 ng/ml) overnight and harvested with 
reporter lysis buffer (Promega). All assays were repeated at least 
twice with duplicates in the Microplate Luminometer LB96V 
(EG&G BERTHOLD).

ChIP assays
ChIP assays were carried out with chromatins prepared as 

reported previously [46] from Smad2−/− MEFs with or without 
TGF-β1 treatment. Briefly, 2 µg of anti-Smad4 (B8, Santa Cruz 
Biotechnology) or anti-Smad2/3 (E20, Santa Cruz Biotechnology), 
and 50 U of chromatin at A260 were used for each ChIP assay. 
ChIP products were amplified by primers in the mouse Id1 up-
stream sequences as follows: 

 −1 850F: 5′-GTG CCC TAG ATA TAC CAA TAC TT-3′
 −1 467R: 5′-TTC TGG ACT CCG AAA CTG ACT CA-3′
 −1 265F: 5′-GGA GGT AAG TTG ACC CTT GGT CA-3′
 −926R: 5′-TTG AAG GCC TCC GAG CAA GCT CT-3′
 −255F: 5′-ACC GCA AAA TTA GCT TAG TCT CT-3′
 +47R: 5′-AAC AGA GTG TGG GAA GAG AAC AA-3′
 +757F: 5′-GAC GGT ACC AGT GGG TAG AGG GTT TGA 

T-3′ 
 +1 114R: 5′-GGA AGA TCT CAT AGA ACT ATT GTA AAA 

CAA TAT-3′
PCR products were separated by a 2% agarose gel.
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