Am J Physiol Renal Physiol 304: F601–F613, 2013.
First published December 12, 2012; doi:10.1152/ajprenal.00523.2012.

Involvement of p300/CBP and epigenetic histone acetylation in
TGF-␤1-mediated gene transcription in mesangial cells
Hang Yuan,1,2 Marpadga A. Reddy,1 Guangdong Sun,1,2 Linda Lanting,1 Mei Wang,1 Mitsuo Kato,1
and Rama Natarajan1
1

Department of Diabetes, Beckman Research Institute of City of Hope, Duarte, California; and 2Division of Nephrology,
2nd Hospital of Jilin University, Changchun, China

Submitted 12 September 2012; accepted in final form 8 December 2012

Yuan H, Reddy MA, Sun G, Lanting L, Wang M, Kato M,
Natarajan R. Involvement of p300/CBP and epigenetic histone
acetylation in TGF-␤1-mediated gene transcription in mesangial cells.
Am J Physiol Renal Physiol 304: F601–F613, 2013. First published
December 12, 2012; doi:10.1152/ajprenal.00523.2012.—Transforming growth factor-␤1 (TGF-␤1)-induced expression of plasminogen
activator inhibitor-1 (PAI-1) and p21 in renal mesangial cells (MCs)
plays a major role in glomerulosclerosis and hypertrophy, key events
in the pathogenesis of diabetic nephropathy. However, the involvement of histone acetyl transferases (HATs) and histone deacetylases
(HDACs) that regulate epigenetic histone lysine acetylation, and their
interaction with TGF-␤1-responsive transcription factors, are not
clear. We evaluated the roles of histone acetylation, specific HATs, and
HDACs in TGF-␤1-induced gene expression in rat mesangial cells
(RMCs) and in glomeruli from diabetic mice. Overexpression of
HATs CREB binding protein (CBP) or p300, but not p300/CBPactivating factor, significantly enhanced TGF-␤1-induced PAI-1 and
p21 mRNA levels as well as transactivation of their promoters in
RMCs. Conversely, they were significantly attenuated by HAT domain mutants of CBP and p300 or overexpression of HDAC-1 and
HDAC-5. Chromatin immunoprecipitation assays showed that
TGF-␤1 treatment led to a time-dependent enrichment of histone
H3-lysine9/14-acetylation (H3K9/14Ac) and p300/CBP occupancies
around Smad and Sp1 binding sites at the PAI-1 and p21 promoters.
TGF-␤1 also enhanced the interaction of p300 with Smad2/3 and Sp1
and increased Smad2/3 acetylation. High glucose-treated RMCs exhibited increased PAI-1 and p21 levels, and promoter H3K9/14Ac,
which were blocked by TGF-␤1 antibodies. Furthermore, increased
PAI-1 and p21 expression was associated with elevated promoter
H3K9/14Ac levels in glomeruli from diabetic mice. Thus TGF-␤1induced PAI-1 and p21 expression involves interaction of p300/CBP
with Smads and Sp1, and increased promoter access via p300/CBPinduced H3K9/14Ac. This in turn can augment glomerular dysfunction linked to diabetic nephropathy.
diabetic nephropathy; histone acetylation; mesangial cell; p300/CBP;
TGF-␤1

nephropathy (DN) involves hyperglycemia and growth factor-induced cellular hypertrophy,
glomerulosclerosis, and interstitial fibrosis (4, 68). Dysregulated expression of cell cycle genes such as p21 play key roles
in hypertrophy, whereas the regulation of matrix-degrading
proteinases by plasminogen activator inhibitor-1 (PAI-1) combined with increased expression of other profibrotic genes
leads to extracellular matrix (ECM) accumulation and fibrosis.
Evidence suggests that transforming growth factor-␤1 (TGF-
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␤1) is a major mediator of such hypertrophic and profibrotic
changes seen in diabetic kidney disease (4, 45, 48, 49, 56, 68).
The ECM is a complex and dynamic meshwork of several
proteoglycans and other proteins, including collagens and fibronectin. PAI-1 promotes ECM accumulation by regulating
fibrinolysis and plasmin-mediated matrix metalloproteinase
activation and is strongly induced in various forms of kidney
diseases including DN (36). The induction of PAI-1 by
TGF-␤1 has been demonstrated in renal mesangial cells (MCs)
and epithelial cells (10, 51, 54). In addition, the transcriptional
regulation of the cell cycle inhibitor p21 by TGF-␤1 is also
strongly associated with diabetic glomerular hypertrophy (1,
56, 57).
TGF-␤1 signaling through type I and II receptors leads to
phosphorylation and nuclear translocation of Smad transcriptional factors (TFs) which are major effectors of TGF-␤1induced gene expression (31, 33). Transcription mediated by
Smads involves direct binding to consensus Smad binding
elements (SBEs) in the promoters of target genes. In addition,
Smads can also interact with other DNA-binding proteins and
coactivators to regulate gene expression (12, 33, 58). SBEs
have been identified in the PAI-1 and p21 promoters and
shown to mediate TGF-␤1-induced transcriptional activation
(10, 38). Furthermore, Sp1 consensus binding sites in the
PAI-1 and p21 promoters have also been implicated in TGF␤1-mediated gene regulation (8, 38).
In addition to the binding of TFs to consensus binding sites
at the target gene promoters, transcriptional activation or repression is also controlled by the assembly of nuclear protein
complexes that alter chromatin structure via posttranslational
modifications (PTMs) of histone tails in the nucleosomes.
These PTMs include acetylation, methylation, phosphorylation, and ubiquitylation (25). Histone lysine acetylation
(HKAc) mediated by histone acetyltransferases (HATs) is
usually associated with gene activation. This is balanced by the
removal of acetyl groups by histone deacetylases (HDACs),
which are associated with chromatin compaction and transcriptional repression (17, 27). Therefore, the dynamic balance
between cellular HAT and HDAC activities can control the
expression levels of target genes, while imbalances can result
in cellular dysfunction and disease states (2, 27, 41). HATs
such as CREB binding protein (CBP), its structural homolog
p300, and p300/CBP-activating factor (p/CAF) act as transcriptional coactivators (25, 27). The HAT domain of p300/
CBP catalyzes the acetylation of promoter-bound histones,
resulting in chromatin relaxation and modulation of transcription (17, 27). In addition, HATs can also regulate gene expression through acetylation of nonhistone proteins such as TFs,
including Smads, p53, and NF-B. Acetylation of TFs in turn
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regulates their DNA binding activity, nuclear localization,
protein stability, and interactions with other transcription regulators (5, 6, 18, 21, 53, 55, 62).
Increasing evidence links the dysregulation of chromatin
modifications to the pathogenesis of diabetes and its complications, with important therapeutic implications (11, 30, 39,
43, 44). Reports showed that kidneys from diabetic animals
exhibit changes in global histone PTMs as well as H3KAc at
the fibrillin 1 promoter and that HDAC-2 may mediate ECM
accumulation and epithelial-to-mesenchymal transition in the
diabetic kidney and in TGF-␤1-treated epithelial cells (14, 37).
We recently demonstrated that TGF-␤1-induced profibrotic
gene expression in MCs was associated with specific alterations in the levels of key active and repressive histone lysine
methylation marks at their promoters (51). Studies in fibroblasts showed a key role for the intrinsic HAT activity of p300
in TGF-␤-Smad-dependent stimulation of collagen type I-␣2
(Col1a2) transcription (16). However, the role of promoter
histone lysine acetylation and key HATs in the regulation of
other key TGF-␤1 target genes in MCs and the specific
interplay among HATs, HDACs, and TFs in this process are
still unclear. Here, we report the role of these regulatory
mechanisms in the expression of two TGF-␤1 target genes,
PAI-1 and p21, key players in DN. Our results demonstrate that
regulation of promoter H3K9/14Ac by p300/CBP and HDACs,
as well as direct interaction of p300/CBP with Smad and Sp1
play key roles in TGF-␤1-induced PAI-1 and p21 gene expression in MCs. Furthermore, we also demonstrate that increased
PAI-1 and p21 gene expression was associated with higher
levels of H3K9/14Ac at their promoters under diabetic conditions both in vitro and in vivo.
MATERIALS AND METHODS

Materials. Recombinant human TGF-␤1 and the pan-specific
TGF-␤1 antibody (MAB1835) were from R&D Systems (Minneapolis, MN); antibodies against acetylated H3K9/14 (catalog no. 06-599),
p300 (05-257), Sp1 (07-645), normal mouse IgG (12-371), and
normal rabbit IgG (PP64B) were from Millipore (Billerica, MA);
Smad2/3 (8685), acetylated-lysine (9441), HDAC1 (2062), and
HDAC5 (2082) antibodies were from Cell Signaling (Danvers, MA);
the CBP antibody (ab3652) was from Abcam (Cambridge, MA); the
␤-actin (A5441) antibody was from Sigma (St. Louis, MO).

cDNA kits for reverse transcriptase reactions and SYBR green kits
for real-time PCRs were from Applied Biosystems (Foster City, CA).
Magnetic Protein A or G Dynabeads were from Invitrogen (Grand
Island, NY). Enhanced green fluorescent protein (GFP) plasmid was
from Lonza. Luciferase assay reagents and pRL-TK vector were from
Promega (Madison, WI), and the NE-PER nuclear protein extraction
kit was from Thermo Scientific (Rockford, IL). Plasmids expressing
dominant negative (D/N) p300 and p/CAF (29) were from Dr. Michael Stallcup (University of Southern California, Los Angeles, CA).
D/N CBP (28) was from Dr. Christopher Glass (University of California, San Diego, CA). Expression vectors for CBP or p300 and
p/CAF were from Dr. Barry Forman (Beckman Research Institute,
Duarte, CA). HDAC1 and HDAC5 expression vectors were from Dr.
Stuart L. Schreiber (Harvard University, Boston, MA). WT PAI-1luciferase reporter plasmid was from Dr. Satoshi Fujii (Nagoya City
University, Nagoya, Japan); and WT p21-luciferase reporter plasmid
was from Dr. Ken-ichi Isobe (Nagoya University). RNA-STAT60
reagent was from Tel-Test (Friendswood, TX). Sequences of the PCR
primers used in this study are listed in Table 1.
MC culture and treatment with TGF-␤1. All animal studies were
carried out in accordance with a protocol approved by our Institutional
Animal Care and Use Committee (IACUC). Primary rat MCs (RMCs)
from renal glomeruli of Sprague-Dawley rats (9 wk) were isolated and
cultured as described earlier (22). RMCs were used between passages
5 and 10. RMCs were treated with TGF-␤1 (5 ng/ml) as indicated,
while control cells were treated with the vehicle (PBS containing 4
mM HCl and 0.1% BSA).
Isolation of renal glomeruli from mice. In some experiments,
glomeruli were isolated from kidneys of 12-wk-old type 2 diabetic
db/db mice (BKS.Cg-m⫹/⫹leprdb/J, stock no. 000642; The Jackson
Laboratory, Bar Harbor, ME) and age-matched control heterozygote
nondiabetic db/⫹ mice (Jackson) by sequential sieving as described
earlier (64). Blood glucose levels were ⬎450 mg/dl in db/db mice
compared with ⬍140 mg/dl in db/⫹ mice. Glomeruli were also
studied from a type 1 diabetes model in which 8-wk-old male
C57BL/6 mice were injected intraperitoneally with 50 mg/kg of
streptozotocin (STZ) for 5 consecutive days, while control mice were
injected with normal saline. These STZ-injected mice were killed 16
wk after they became diabetic (blood glucose levels were ⬎300 mg/dl
in STZ vs. 145 mg/dl in control mice). Glomeruli preparations from
three to four mice in each group were pooled to obtain sufficient
material for RNA, protein extraction, and chromatin immunoprecipitation (ChIP) assays.
Transient transfections and luciferase assays. RMCs at 75% confluence plated in triplicate in 24-well plates (Becton Dickinson Lab-

Table 1. PCR primer sequences
Primer

ChIP primers
PAI-1 P1 (R)
PAI-1 P2 (R)
PAI-1 P3 (R)
p21 P1 (R)
CypA P (R)
PAI-1 P (M)
p21 P (M)
cDNA primers
PAI-1 (R)
p21 (R)
PAI-1 (M)
p21 (M)
TGF-␤1 (R/M)
CypA (R/M)
␤-Actin (R/M)

Forward Primer

Reverse Primer

CGGCTATACCAGATGTGGGCCG
GACAATATGTGCCCTGTGATTGTC
GTGCCTTTGAAGGTTGGACAGA
GTTCAGCCCTGG AACCGAAG
CCCGGATGCGTACCTAAGGA
CGGCCTTTATACCAGATGTGAGCcG
CAAGAGAATAGCCCAGGTGTGG

GACGACCGACCAGCCAAAG
AGGCTGCTCTACTGGTCCTTGC
CGGATGATGACAGTTTGTGAATCCG
GTACCAAACACCCTTCACCTGGTAC
CGGACGTTGCTTCGCTGTCCG
TCCAAACACCAGGCTTTGTAGG
CGCGCCTAGACTCTGACACCGcG

GCAGCTCTCTGTAGCACAAGCA
GTGGCCTTGTCGCTGTCTTG
GACGCCTTCATTTGGACGAA
CGGTGGAACTTTGACTTCGT
AGGAAGGACCTGGGTTGGAAG
ATGGTCAACCCCACCGTGT
CCCTGTATGCCTCTGGTCGT

CGGCCTCTGTTGGATTGTGCCG
CGATTCTTGCAGAAGACCAATCG
CGGACCTTTTCCCTTCAAGAGTCCG
CAGGGCAGAGGAAGTACTGG
CGTCTCGACCCACGTAGTAGACG
TTCTTGCTGTCTTTGGAACTTTGTC
CGGACGCAGCTCAGTAACAGTCCG

ChIP, chromatin immunoprecipitation; PAI-1, plasminogen activator inhibitor-1;· CypA, cyclophilin 〈; TGF, transforming growth factor; R, rat; M, mouse.
AJP-Renal Physiol • doi:10.1152/ajprenal.00523.2012 • www.ajprenal.org

HISTONE ACETYLATION IN TGF-␤1-MEDIATED ACTIONS

ware) were cotransfected with 0.4 g each of indicated firefly luciferase reporter plasmids and expression vectors along with an
internal control vector of pRL-TK using FuGENE 6 Transfection
Reagent (Roche, Indianapolis, IN) as described before (24). The
transfected cells were serum starved for 24 h and stimulated with
TGF-␤1 (5 ng/ml) for the indicated time periods. The cells were lysed,
and dual luciferase assays were performed according to the manufacturer’s instructions (Promega) in a 96-well plate reader (Turner
Biosystems, Promega). Results were normalized to Renilla luciferase
activities expressed from pRL-TK and expressed as fold over control.
RNA isolation and quantitative real-time PCR. Total RNA was
isolated from RMCs using RNA-STAT60 reagent as described earlier
(64). Total RNA (1 g) was used for cDNA synthesis using Gene
Amp RNA PCR kits, and quantitative real-time PCR (qRT-PCR) was
performed using a SYBR Green PCR Master Mix kit with ABI 7300
or 7500 real-time PCR thermal cyclers as described previously (64).
Reactions were performed in triplicate in a final volume of 20 l.
Standard curves were generated for all the genes being quantified as
well as for ␤-actin control. Dissociation curves were run to detect
nonspecific amplification and to confirm amplification of single products in each reaction. The quantity of each test gene and internal
␤-actin RNA control were determined from standard curves using
Applied Biosystems software. In some experiments, data were analyzed by the 2⫺⌬⌬Ct method as described earlier (51).
ChIP assays. Quiescent RMCs were treated with TGF-␤1 (5 ng/ml)
for the indicated time periods and then fixed with 1% formaldehyde.
Isolated glomeruli from mice were fixed with formaldehyde (final
concentration 1% in PBS for 20 min at room temperature) and then
quenched with 125 mM glycine (5 min at room temperature). The
cross-linked MCs or glomeruli were washed twice with cold PBS
containing protease inhibitors and lysed as previously described (51).
Lysates were sonicated, and an aliquot was saved to isolate total input
DNA. Immunoprecipitation was performed with antibodies to acetylated histone H3K9/14 (H3K9/14Ac), p300, CBP, or IgG (antibody
control). Immune complexes were captured using Protein A/G Dynabeads, washed, bound proteins were eluted, and ChIP-enriched DNA
was obtained by phenol:chlororm extraction followed by ethanol
precipitation. Input DNA samples as well as antibody-enriched ChIP
DNA samples were analyzed by qPCR using indicated primers within
the PAI-1, p21, and cyclophilin promoters (see Fig. 4A and Table 1).
Data were analyzed using the 2⫺⌬⌬Ct method and normalized with
input samples as described earlier (51).
Coimmunoprecipitation. Nuclear extracts were isolated from
RMCs using an NE-PER nuclear protein extraction kit according to
the manufacturer’s instructions. Nuclear lysates were sonicated four
times for 10 s each at 4°C, and protein concentrations were
estimated by the Lowry method (Bio-Rad, Hercules, CA). Cell
lysates with equal amounts of protein were incubated with indicated antibodies, and immune complexes were collected on protein
G Dynabeads at 4°C according to the manufacturer’s instructions.
Protein samples were analyzed by Western blotting as previously
described earlier (64).
Statistical analyses. Data were expressed as means ⫾ SE from
multiple experiments. Paired Student’s t-tests were used to compare
two groups or ANOVA with Dunnett’s posttests for multiple groups
using PRISM software (Graph Pad, San Diego, CA). Statistical
significance was detected at the 0.05 level.
RESULTS

CBP and p300, but not p/CAF, enhances TGF-␤1-induced
expression of PAI-1 and p21. Coactivator HATs such as CBP
and p300 regulate gene expression by increasing histone
H3K9/14Ac to promote chromatin relaxation for TF access, as
well as by direct acetylation of TFs. However, the role of
specific HATs in TGF-␤1-induced PAI-1 and p21 gene expres-

F603

sion in MCs relevant to DN is not clear. To test this, we first
examined PAI-1 and p21 mRNA expression in RMCs treated
with either the vehicle (control) or TGF-␤1 (5 ng/ml) from 0.5 h
to 24 h by qRT-PCR. Results showed that, as anticipated, PAI-1
and p21 mRNA levels were increased in response to TGF-␤1
treatment in a time-dependent manner (Fig. 1, A and B).
Next, we determined the involvement of specific HATs such
as CBP, p300, or p/CAF in the transcriptional regulation of
PAI-1 and p21 by TGF-␤1. We cotransfected RMCs with
luciferase reporter plasmids containing PAI-1 and p21 promoter regions along with plasmid vectors expressing wild-type
(WT) CBP, p300, or p/CAF or mutants lacking HAT domains.
Luciferase activities were then measured after treatment without or with TGF-␤1 (5 ng/ml) for 2 h. Results showed that WT
CBP and p300 vectors significantly enhanced TGF-␤1-induced
activation of the PAI-1 and p21 promoters relative to cells
transfected with enhanced GFP control vector (Fig. 1, C and
D). Reciprocally, RMCs cotransfected with the HAT dominant-negative (D/N) mutants of CBP and p300 significantly
attenuated TGF-␤1-induced activation of PAI-1 and p21 promoters. In contrast, both WT and D/N mutants of p/CAF had
no significant effects on PAI-1 and p21 promoter activation
(Fig. 1, C and D). These results demonstrate that HAT activity
of CBP and p300, but not p/CAF, is required for TGF-␤1mediated activation of the PAI-1 and p21 promoters.
Next the effect of these HATs on gene expression was
evaluated. Expression vectors for CBP, p300, p/CAF, or control GFP were transfected into RMCs, treated with TGF-␤1 (5
ng/ml) for 2 h, and gene expression was analyzed by qRTPCR. Results showed that overexpression of CBP or p300, but
not p/CAF, resulted in a marked augmentation of TGF-␤1induced PAI-1 and p21 mRNA expression compared with
control GFP (Fig. 2, A and B). In contrast, no statistically
significant changes were seen in CypA expression compared with
control under these conditions, suggesting specificity (Fig. 2C).
RMCs were next transfected with either the GFP control
vector or CBP, p300, and p/CAF mutants lacking HAT domains and then treated with TGF-␤1 for 6 h. D/N mutants of
p300 and CBP significantly repressed PAI-1 and p21 mRNA
induction by TGF-␤1 compared with that seen in cells expressing GFP. The D/N mutant of p/CAF had no effect on PAI-1
expression but inhibited p21 expression (Fig. 2, D and E).
Together, these results suggest that the HAT activities of p300
and CBP are required for both TGF-␤1-induced PAI-1 and p21
promoter activities as well as mRNA expression.
Role of HDACs in TGF-␤1-mediated transcriptional activation and gene regulation. Since our results indicated that HAT
activities of CBP and p300 are involved in TGF-␤1-mediated
gene regulation, we next examined the role of HDACs which
can erase H3KAc to promote chromatin condensation and gene
repression by reducing chromatin access to TFs. Cotransfection experiments showed that plasmid vectors expressing
HDAC1 (class I) or HDAC5 (class II) strongly suppressed
TGF-␤1-induced PAI-1 and p21 promoter transactivation compared with the control vector expressing GFP (Fig. 3, A and B).
Immunoblotting of the transfected cell lysates confirmed the
overexpression of HDAC1 and HDAC5 under these conditions
(data not shown). Furthermore, overexpression of these
HDACs also significantly attenuated TGF-␤1-induced PAI-1
and p21 mRNA expression relative to control GFP (Fig. 3, C
and D). These results demonstrate the negative regulatory role
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(60). However, there was no significant change in H3K9/14Ac
at the CypA promoter (⫺305 to ⫺218 bp) (Fig. 4F), suggesting
specificity. Together, these results demonstrate that TGF-␤1mediated H3K9/14Ac might promote chromatin remodeling
and confer access to TFs such as Smads and Sp1 to induce
PAI-1 and p21 genes relevant to the pathology of DN.
TGF-␤1 treatment enhances the occupancies of CBP and
p300 at the PAI-1 and p21 promoters. We next tested whether
the enhanced histone KAc triggered by TGF-␤1 at the PAI-1
and P21 promoters was due to increased occupancies of CBP
and p300. Results of ChIP assays demonstrated that TGF-␤1
significantly increased the recruitments of CBP and p300 at the
P1 and P2 regions of the PAI-1 promoter (Fig. 5, A and B) as
well as at the proximal region of the p21 promoter relative to
control (Fig. 5, C and D). In particular, p300 occupancy at the
p21 promoter was increased ⬎10-fold at 2 h. The enrichments
appeared to be promoter specific because no enrichment of
CBP was found at the CypA promoter region in response to
TGF-␤1 (Fig. 5E). Together, these results further suggest that
histone H3 hyperacetylation in response to TGF-␤1 at the
PAI-1 and p21 promoter regions is due to increased recruitment of CBP and p300 and their associated HAT activities.
Interactions of p300 with smad and Sp1 proteins in response
to TGF-␤1. Next, we speculated that TGF-␤1 may also promote the interaction of p300 with Smad and/or Sp1 proteins to
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Fig. 2. HAT activities of CBP and p300, but not p/CAF, are essential for TGF-␤1-induced PAI-1 and p21 gene expression. A–C: quiescent RMCs were transiently
transfected with EGFP (GFP), CBP, p300, or p/CAF (pCAF) expression vectors and then treated with TGF-␤1 (5 ng/ml) for 2 h. PAI-1, p21, and cyclophilin
A (CypA) mRNA expression was analyzed by qRT-PCR. D and E: RMCs were transiently transfected with vectors expressing GFP, D/N mutants of CBP, p300,
or p/CAF and then treated with TGF-␤1 for 6 h. PAI-1 and p21 mRNA expression was analyzed by qRT-PCR. Values are means ⫾ SE (n ⫽ 3). *P ⬍ 0.05,
#P ⬍ 0.01, $P ⬍ 0.001 vs. respective untreated control. !P ⬍ 0.05, !!P ⬍ 0.01 vs. GFP⫹TGF-␤1.

regulate PAI-1 and p21 gene expression in RMCs. This was
tested by performing coimmunoprecipitation experiments. The
nuclear extracts from untreated control and TGF-␤1-treated
RMCs were first immunoprecipitated with Smad2/3 antibody,
and eluted proteins were then immunoblotted with p300 and
acetylated lysine antibodies. The input lysate was immunoblotted with Smad2/3 antibody. Results showed that the association of p300 with Smad2/3 was increased in TGF-␤1-treated
cells (middle bands, Fig. 6A, 2.5-, 1.2-, 0.6-, and 1.4-fold over
control at 0.5, 2, 6, and 24 h, respectively, normalized to input).
Furthermore, Smad2/3 itself was also acetylated in response to
TGF-␤1 treatment (top bands, Fig. 6A, 1.7-, 1.3-, 1.2-, and
1.3-fold over control at 0.5, 2, 6, and 24 h, respectively,
normalized to input), likely due to these interactions with p300.
Second, nuclear extracts were immunoprecipitated with p300
antibody followed by immunoblotting with Smad2/3 and Sp1
antibodies. Results showed that TGF-␤1 enhanced the association of p300 with both Smad2/3 (top bands, Fig. 6B, 2.9-, 2.3-,
2.0-, and 2.1-fold over untreated control at 0.5, 2, 6, and 24 h)
and Sp1 proteins (middle bands, Fig. 6B, 1.4-, 1.3-, 1.2-, and
1.3-fold over control at 0.5, 2, 6, and 24 h, respectively). These
data demonstrate that TGF-␤1 enhances the interactions of
p300 with Smad2/3 and Sp1 in RMCs. They also suggest that

p300 might assist in the recruitment and acetylation of these
key TFs to further augment TGF-␤1-induced PAI-1 and p21
gene expression in RMC.
The HDAC inhibitor trichostatin A can enhance TGF-␤1mediated transcription. Since HDAC1 and 5 negatively regulated TGF-␤1-induced PAI-1 and p21 gene expression, and
inhibition of HDACs with a nonselective inhibitor, trichostatin
A (TSA), induced chromatin histone hyperacetylation (52) and
p21 expression in RMCs (13), we further tested the effect of
TSA on TGF-␤1-induced H3K9/14Ac at these gene promoters.
Our results showed that inhibition of HDACs with TSA also
further increased TGF-␤1-induced PAI-1 gene transcriptional
activity and expression in RMCs (data not shown). When
RMCs were pretreated with 0.3 mM TSA for 24 h and then
incubated with or without TGF-␤1 for 0.5 h, treatment with
TSA not only increased baseline H3K9/14Ac levels but also
further augmented TGF-␤1-induced H3K9/14Ac levels at the
P2 region of the PAI-1 promoter as determined by ChIP assays
(Fig. 7A). TSA also increased H3K9/14Ac at the P1 region of
the PAI-1 promoter (Fig. 7A) and the p21 promoter (Fig. 7B)
but did not augment TGF-␤1-mediated effects at these regions.
These results further confirm the repressive role of HDACs in
TGF-␤1-induced PAI-1 and p21 gene expression in RMCs.
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High glucose treatment increases H3K9/14Ac at the PAI-1
and p21 promoters in RMCs, and this is inhibited by a TGF-␤1
specific antibody. Evidence shows that high-glucose (HG)
conditions mimicking the diabetic state can increase histone
KAc associated with active gene expression in monocytes and
endothelial cells (32, 40). However, this has not been examined
in MCs. Since HG can increase the expression of PAI-1 and
p21 through TGF-␤1 in MCs (26, 51), and these genes are also
upregulated in the renal cortex of diabetic mice (64), we next
tested whether there are changes in histone H3K9/14Ac under
these conditions. RMCs were cultured under normal glucose
(NG) with mannitol (5.5 mM⫹20 mM mannitol) or HG (25
mM) for 48 or 72 h, followed by ChIP assays with H3K9/14Ac
antibodies. Results showed that HG treatment increased H3K9/
14Ac at the P1 region of PAI-1 (Fig. 8A) promoter and the p21
promoter (Fig. 8B), which was statistically significant at 72 h.
There were no significant differences in the H3K9/14Ac level
at the PAI-1 and p21 promoters between 48 and 72 h under NG
conditions. These results demonstrate that HG can increase
H3K9/14Ac at TGF-␤1-inducible genes in RMCs. To determine the potential functional mediatory role of TGF-␤1 in
HG-induced H3K9/14Ac, RMCs were preincubated with a
TGF-␤1-specific antibody (1 g/ml) or control mouse IgG (1
g/ml) and then cultured with NG or HG for 72 h. ChIP
analysis of these samples showed that HG-induced H3K9/
14Ac enrichment around the PAI-1 and p21 promoters was
significantly abrogated in RMCs pretreated with the TGF-␤1
antibody (Fig. 8, C and D, respectively). These results suggest
that HG-induced changes in epigenetic H3K9/14Ac at promot-
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ers of these genes relevant to DN pathogenesis are largely
mediated by TGF-␤1.
Increased H3K9/14Ac at the PAI-1 and p21 promoters in
vivo in glomeruli from diabetic mice. We next examined
whether H3K9/14Ac is associated with altered gene expression
in vivo using animal models of both type 1 and type 2 DN.
Gene expression and ChIP assays were performed with glomeruli isolated from kidneys of STZ-induced type 1 diabetic
mice, and of type 2 diabetic db/db mice. Vehicle-injected
normal C57BL/6 mice and db/⫹ mice were used as controls for
type 1 and type 2 diabetic mice, respectively. Gene expression
analysis revealed significant increases in the mRNA levels of
TGF-␤1, PAI-1, and p21 in the glomeruli from diabetic mice
relative to control mice (Fig. 9, A and C). In parallel, ChIP
assays showed significant enrichment of H3K9/14Ac at the
PAI-1 (P1) and p21 promoter regions (close to TSS) in glomeruli from diabetic mice compared with nondiabetic control
mice (Fig. 9, B and D), thus providing in vivo relevance.
DISCUSSION

In this study, we report that TGF-␤1-induced dynamic
changes in promoter histone modifications such as H3K9/
14Ac, as well as acetylation of Smad2/3, play key roles in
PAI-1 and p21 gene expression in MC. We found that TGF-␤1
treatment increased p300/CBP occupancies at the PAI-1 and
p21 promoters, leading to increased H3K9/14Ac. This was
accompanied by increased association of p300 with key TFs
Sp1 and Smad2/3, as well as Smad2/3 acetylation. These
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actions of p300/CBP led to increased expression of PAI-1 and
p21, key players in ECM accumulation and hypertrophy in DN
(Fig. 10). Furthermore, increased expression of PAI-1 and p21
in MCs treated with HG and glomeruli from diabetic mice was
also associated with elevated levels of promoter H3K9/14Ac,
demonstrating in vivo relevance to DN.
Several studies have demonstrated the critical role of histone
PTMs, including methylation, phosphorylation, and acetylation, in gene transcription (2, 25). These epigenetic mechanisms act in concert with each other and in cooperation with
TFs to regulate the expression of genes involved in cellular
proliferation, inflammation, and matrix protein synthesis (25,
39, 43, 44). Hyperacetylation of nucleosomal histones including H3K9/14Ac can promote open chromatin formation by
reducing interactions of DNA with histones, resulting in increased access to the transcriptional machinery (17, 27). Histone acetylation can provide binding sites for chromatin-remodeling factors and multiprotein components of basal transcription machinery including RNA polymerase II to facilitate
gene transcription. In contrast, histone deacetylation by
HDACs promotes chromatin compaction and gene repression
(17, 25, 27). Evidence shows that TGF-␤1 can regulate epige-

netic modifications to regulate target genes in diverse cell
types, including vascular smooth muscle cells (42), ovarian
(63), and mammary epithelial cells (61), immune cells (66),
and fibroblasts (15). Reports show that histone modifications
including H3K9Ac and H3K4 methylation (H3K4me) play a
role in PMA-induced laminin gene expression in rat mesangial
cells (35) and in inflammatory gene expression in tubular cells
from acute renal injury models (34, 65). Our recent studies
demonstrated that TGF-␤1 can induce significant changes in
promoter histone H3K4me and H3K9me at the promoters of
differentially regulated profibrotic genes CTGF, Col1a1, and
PAI-1 in MCs (51). In the current study, we show for the first
time that TGF-␤1 significantly enhanced H3K9/14Ac at the
PAI-1 and p21 promoter regions in MCs. The HDAC inhibitor
TSA also increased H3K9/14Ac and gene expression, further
demonstrating a key role for chromatin H3KAc.
H3KAc is mediated by several HATs including p300/CBP
and can promote chromatin relaxation to increase access to key
TFs such as Smad2/3 and Sp1 in MCs. Furthermore, H3K9/
14Ac can also act in concert with other histone PTMs like
H3K4me induced by TGF-␤1 (51) to regulate pathological
gene expression relevant to DN. We found that overexpression
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regulated by posttranslational modifications, including phosphorylation and acetylation (50, 58). Coactivator HATs including CBP, p300, and p/CAF can form multiprotein complexes
with Smads and acetylate Smad2 and Smad3 to regulate
TGF-␤1-induced gene expression in various cell types, including MCs, where it was shown that phosphatidylinositol 3-kinase/Akt signaling is a critical regulator of Smad3-CBP interaction, Smad acetylation, and PAI-1 expression (7, 21, 55).
Interaction of CBP/p300 was also shown in Smad-mediated
fibrosis in fibroblasts (15). Our data showed that TGF-␤1
treatment enhanced the interaction of Smad2/3 with p300 as
well as the occupancy of p300 near two SBEs in the PAI-1
promoter. These SBEs (GTCTAGAC and CAGACAC) were
previously shown to be necessary for TGF-␤1-induced PAI-1
expression (10). Furthermore, our data also showed for the first
time increased H3K9/14Ac levels around these promoter regions, suggesting that the Smad-p300 interactions might have
led to increased Smad acetylation as well as promoter acety-
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Fig. 6. TGF-␤1 enhances the interactions of Smad with the p300 and Sp1
proteins. A: nuclear lysates from RMCs treated either with TGF-␤1 (5 ng/ml)
for indicated time periods or control cells (treated with vehicle for 6 h) were
immunoprecipitated with Smad2/3 antibody. Eluted proteins were immunoblotted with acetylated lysine or p300 antibody. B: nuclear lysates from MCs
treated with vehicle control (ctrol) or with TGF-␤1 (5 ng/ml) were immunoprecipitated with p300 antibody. Eluted proteins were immunoblotted with
Smad2/3 or Sp1 antibody, and the input lysate was blotted with Smad2/3
antibody to normalize protein levels. Data shown are representative of 2
experiments.
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of HATs CBP and p300 increased TGF-␤1-induced PAI-1 and
p21 gene expression via promoter activation. Conversely, these
effects were reversed by D/N mutants of CBP or p300. However, another HAT, p/CAF, did not alter TGF-␤1-induced gene
expression, suggesting some specificity in the role of HATs
under these conditions in MCs. Transcription regulation by
CBP/p300 is a complex process since these HATs not only
acetylate histones to alter chromatin accessibility, but also
regulate multiple aspects of TF function. These include acetylation of TFs to regulate their activity, stability, and nuclear
localization, acting as scaffolds for the assembly of multiprotein transcription complexes and as bridges to facilitate interactions of TFs with transcription machinery (5). Our data
clearly demonstrate increases in H3K9/14Ac, suggesting that
hyperactylation of chromatin histones as one potential mechanism of p300/CBP-mediated gene expression in MCs.
Multiple growth factors and cytokines including TGF-␤1
can induce transcription of the PAI-1 gene. It is well known
that Smad2/3 TFs are major effectors of TGF-␤1 actions in
MCs (12). Activated Smad proteins regulate transcription by
binding to SBEs on target promoters and forming complexes
with other nuclear factors (12, 58). Activity of Smads is
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lation by the intrinsic HAT activity of p300. Thus interaction
of CBP or p300 with Smad proteins and their recruitment to the
PAI-1 promoter could be a mechanism by which histones are
hyperacetylated at the promoters of TGF-␤1/Smad target
genes, including PAI-1, which can increase chromatin access
to Smads and the general transcription apparatus (Fig. 10).
Furthermore, since the acetylation of Smad2/3 increases their
transactivation potential (21), it can further augment TGF-␤1induced PAI-1 gene expression.
It is widely accepted that the actions of TGF-␤1 are dependent in large part on the Smad pathway with contributions also
from other TFs, including Sp1 (19, 38). Previous studies have
demonstrated that Sp1-dependent p21 promoter activation by
TSA requires p300, implicating a role for histone acetylation
also in p21 gene expression (59, 60). Our results demonstrated
that p300/CBP and TSA can increase p21 gene expression.
Therefore, similar to PAI-1, p300/CBP may act as coactivators,
promote chromatin remodeling, and increase the access to TFs
at the p21 promoter in response to TGF-␤1 signaling. We also
found that p300 and Sp1 can interact in TGF-␤1-treated MCs.
This result is in contrast to previous findings showing that p300
does not interact with Sp1 in HeLa cells treated with TSA (60),
suggesting cell- and agonist-specific differences. Whether
p300 mediates Sp1 acetylation is not clear from these studies
and to date no data are available on Sp1 acetylation by HATs.
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Our studies have also demonstrated an inhibitory role for
HDACs such as HDAC1 and HDAC5 in TGF-␤1-induced
gene expression. Overexpression of these two HDACs inhibited PAI-1 and p21 promoter activity. Furthermore, TSA, a
broad HDAC inhibitor, increased H3K9/14Ac and gene expression, thus reversing the effects of HDACs and mimicking
the effects of the HATs p300/CBP. TSA in general can induce
histone hyperacetylation to increase gene expression (3, 42,
46). However, TGF-␤1 target genes appear to show varied
responses. TSA inhibited TGF-␤1-induced fibronectin and
Col1a2 but reversed the repression of E-cadherin (16). Repression of Col1a2 was reported to be due to inhibition of Sp1
recruitment at the Col1a2 promoter, while increased E-cadherin expression was attributed to increased histone acetylation
(16), suggesting gene-specific effects of HDACs and involvement of both histone and non-histone-dependent mechanisms.
Furthermore, Smads can also interact with transcription repressors SKI and SnoN, which recruit corepressor complexes
containing HDACs (9). Our results showed that TSA treatment
increased H3K9/14Ac at the PAI-1 and p21 promoters and also
enhanced TGF-␤1-induced enrichment of H3K9/14Ac around
SBE sites in the PAI-1 promoter. Taken together, these results
suggest repressive roles for HDACs through both histonedependent and possibly independent mechanisms in the regulation of PAI-1 and p21 expression in TGF-␤1-treated RMCs.
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Fig. 9. Increased H3K9/14Ac at the PAI-1 and
p21 promoters in glomeruli from diabetic mice
in vivo. A and B: glomeruli were isolated from
the kidneys of 12-wk-old control db/⫹ and
diabetic db/db mice, and expression of indicated genes was analyzed by qRT-PCR (A),
and H3K9/14Ac levels at the PAI-1 and p21
promoters were determined by ChIP assays (B).
C and D: glomeruli were isolated from the
kidneys of control and streptozotocin-induced
type 1 diabetic C57BL/6 mice. Changes in the
expression of indicated genes was determined
by qRT-PCR (C), and H3K9/14Ac at PAI-1
and p21 promoters was determined by ChIP
assays (D). Values are means ⫾ SE (n ⫽ 3).
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TGF-␤1 is a major mediator of HG (diabetic condition)induced gene expression in renal cells (4, 20, 23, 45, 49, 67).
We recently demonstrated that a TGF-␤1 antibody blocked
HG-induced changes in histone lysine methylation marks at
fibrotic gene promoters in MCs, suggesting TGF-␤1 may
mediate HG-induced epigenetic mechanisms (51). In this
study, we found that HG could also increase H3K9/14Ac at the
PAI-1 and p21 promoters in MCs similar to TGF-␤1. Furthermore, the stimulatory effects of HG on H3K9/14Ac at the
PAI-1 and p21 promoters were significantly inhibited by a
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TGF-␤1 antibody, suggesting the mediatory role of TGF-␤1.
Limited studies in diabetic animal models showed evidence of
changes in global histone modifications in kidneys from diabetic animals (47), and reversal of diabetes induced changes in
gene expression by HDAC inhibitors (37). In the current study,
we showed for the first time that increased expression of the
PAI-1 and p21 genes was associated with increased H3K9/
14Ac at their promoters in vivo in glomeruli from mouse
models of T1D and T2D. These results suggest that epigenetic
changes at pathological gene promoters may lead to their
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in glomerular MCs. Furthermore, it also promotes
interactions of p300/CBP with transcription factors
such as Smad2/3 and Sp1, and acetylation of
Smad2/3 by p300. These events play key roles in
augmenting TGF-␤1-induced gene transcription under diabetic conditions. Thus TGF-␤1-induced transcriptional factor activation can cooperate with epigenetic mechanisms in chromatin to regulate pathological gene expression associated with diabetic
nephropathy (DN).
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sustained expression in vivo and contribute to long-term uncontrolled complications in diabetes. However, additional studies are needed to determine the time course of these changes,
whether they are coregulated with gene expression, and
whether they can be reversed by restoring normoglycemia or
by other therapies used for DN.
In summary, our study provides extensive evidence that
TGF-␤1-induced PAI-1 and p21 gene expression in MCs
involves the p300/CBP-mediated promoter H3K9/14Ac as
well as Smad2/3 acetylation. Furthermore, H3K9/14Ac was
also associated with increased expression of these genes induced by HG and in vivo diabetic conditions that are upstream
of TGF-␤1. Therefore, it is conceivable that histone hyperacetylation and related chromatin events involved in TGF-␤1mediated PAI-1 and p21 expression play important roles in the
pathogenesis of DN and could therefore serve as potential
therapeutic targets for diabetes-induced renal dysfunction.
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