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ABSTRACT

We recently reported that the histone deacetylase (HDAC) activity is required for activation of renal interstitial fibroblasts. In this study, we
further examined the role of HDACs, in particular, HDAC1 and HDAC2, in proliferation of cultured rat renal interstitial fibroblasts (NRK-49F)
and expression of cell cycle proteins. Inhibition of HDAC activity with trichostatin A (TSA), blocked cell proliferation, decreased expression of
Cyclin D1, a positive cell cycle regulator, and increased expression of p27 and p57, two negative cell cycle regulators. Silencing either HDAC1
or HDAC2 with siRNA also significantly inhibited cell proliferation, decreased expression of Cyclin D1, and increased expression of p57.
However, down-regulation of HDAC2, but not HDAC1 resulted in increased expression of p27. Furthermore, HDAC1 and HDAC2 down-
regulation was associated with dephosphorylation and hyperacetylation of STAT3 (Signal transducer and activator of transcription 3).
Blockade of STAT3 with S3I-201 or siRNA decreased renal fibroblast proliferation. Finally, mouse embryonic fibroblasts (MEFs) lacking
STAT3 reduced the inhibitory effect of TSA on cell proliferation, add-back of wild type STAT3 to STAT3 ™/~ MEFs restored the effect of TSA.
Collectively, our results reveal an important role of HDAC1 and HDAC2 in regulating proliferation of renal interstitial fibroblasts, expression
of cell cycle proteins and activation of STAT3. Further, STAT3 mediates the proliferative action of HDACs. J. Cell. Biochem. 112:2138-2148,
2011. © 2011 Wiley-Liss, Inc.
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C hronic kidney disease (CKD) is characterized by accumulation
of a large population of myofibroblasts and excessive
amount of extracellular matrix (ECM) [Wynn, 2008; Deelman and
Sharma, 2009]. As the myofibroblast is a principal effector cell type
responsible for production of ECM protein under various kidney
diseases associated with renal interstitial fibrosis, identification of
the major mediator(s) that controls cell proliferation would offer
new therapeutic approaches for halting progression of renal disease.

Increasing evidence indicates that activation of histone deace-
tylases (HDAGCs) is required for the regulation of gene expression and
cell proliferation [Mai et al., 2005]. HDACs are a group of enzymes
that catalyze the deacetylation of lysine residues in histones and in a

number of non-histone proteins associated with cell proliferation
such as tyrosine kinase and transcriptional factor 3 (STAT3) [Yuan et
al., 2005]. In mammals, there are 18 HDACs, which are grouped into
four classes. Class I HDACs include HDAC1, -2, -3, and -8; class II
HDACSs include HDAC4, -5, -6, -7, -9, and -10; class IIl HDACs are
known as sirtuins; and class IV HDAC is HDAC11 [Bieliauskas and
Pflum, 2008; Beumer and Tawbi, 2010]. Among HDACs, HDAC1 and
HDAC2 have been reported to require for organ development and
proliferation of embryonic stem (ES) cells and embryonic fibroblasts
[Zupkovitz et al., 2006; Zimmermann et al., 2007]. HDAC inhibitors,
such as trichostatin A (TSA), inhibit the activity of both class I and
class Il HDACs and are effective in suppressing cell cycle progression
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and cell proliferation in numerous cell types [Bieliauskas and Pflum,
2008]. Recent studies showed that treatment with SK-7041, a
selective inhibitors of class I HDACs [Hinkle et al., 2004], had a
similar anti-proliferative effect as the class I/Il HDAC inhibitors did
[Lee et al., 2006], suggesting that class  HDACs play a dominant role
in the progression of fibrosis.

Cellular proliferation is an ordered, tightly regulated process
involving growth factor-controlled expression of multiple cell cycle
proteins. Of them, cyclins and their catalytic partners cyclin-
dependent kinases (CDKs) are positive regulators [Golias et al., 2004]
and the cyclin kinase inhibitors (CKIs) such as p27 and p57 are
negative regulators [Golias et al., 2004]. Whereas cyclin D1 is
critically involved in promotion of G1-S phase cell cycle transition,
p27 and p57 inhibit the cell cycle at multiple checkpoints through
inactivation of cyclin-CDK complexes [Golias et al., 2004]. As such,
increased expression of cyclins and decreased expression of p27 and
p57 are associated with cell proliferation. It has been documented
that inhibition of the HDAC activity with TSA decreased expression
of cyclin D1 [Alao et al., 2004] and increased expression of p57 and
results in cell cycle arrest [Yamaguchi et al., 2010]. Furthermore,
HADC1 and HDAC2 can be directly bound to the promoter regions of
the p57 gene and suppresses their expression [Yamaguchi et al.,
2010], suggesting that HDAC1 and HDAC2 can directly regulate
expression of some CKIs. While it is unknown whether HDACs
directly regulate the expression of cyclin D1, our recent studies
showed that inactivation of the HDAC activity with TSA blocked
phosphorylation/activation of STAT3, a transcriptional factor that
drives expression of Cyclin D1 [Pang et al., 2009], suggesting that
HDACs may regulate Cyclin D1 through an indirect mechanism
involving activation of STAT3.

STAT3 belongs to a family of tyrosine kinase and transcriptional
factors that consists of seven members (STAT1-4, 5a/b, 6) [Bowman
et al., 2000; Song and Grandis, 2000]. In response to a variety of
growth factors and hormones, STATs are phosphorylated, dimerized,
and then translocated to the nucleus, where they binds to the DNA
promoter region of target genes to drive expression of many genes
[Rossi et al., 2007]. In addition to tyrosine-phosphorylation, STAT3
and some other STAT proteins such as STAT1 are also subjected to
regulation by acetylation [Yuan et al., 2005; Pang et al., 2009].
While the functional significance of STAT3 acetylation remains
poorly understood, it was reported that acetylation of STAT1
counteracts its activity by forming a complex with T-cell protein
tyrosine phosphatase (TCP45) [Kramer et al., 2009].

Currently, little is known about the role of HDACs in the
regulation of fibroblast proliferation and expression of cell
cycle regulators. The purpose of this study aimed to determine
the role of the class I HDACs, in particular, HDAC1 and HDAC2 in
these processes. Furthermore, we examine the role of STAT3 in
HDAC-mediated cell proliferation.

MATERIALS

Trichostatin A was purchased from Biomol (Plymouth Meeting, PA).
Antibodies to phospho-STAT3 (Tyr-705), STAT3, and cyclin D1
were purchased from Cell Signaling Technology (Danvers, MA).

Antibodies to HDAC1, HDAC2, p27, p57, and GAPDH were obtained
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Pre-designed
siRNAs targeting HDAC1 and HDAC2 and silencer negative control
siRNA were purchased from Invitrogen. pcDNA3 empty vector,
STAT3 plasmid (pcDNA3-STAT3), and anti-acetyl-STAT3 (K685)
were obtained from Dr. Eugene Chin (Brown University). Antibodies
to a-actin and all other chemicals and reagents were purchased from
Sigma (St. Louis, MO).

CELL CULTURE

Normal rat renal interstitial fibroblasts (NRK-49F) and STAT3 '~
mouse embryonic fibroblasts (MEFs) were grown in DMEM (Sigma-
Aldrich, St. Louis, MO) containing 5% fetal bovine serum (FBS),
0.5% penicillin, and streptomycin in an atmosphere of 5% CO, air at
37°C. For proliferation study, cells were seeded in 12-well plates.
30-40% confluent cells were starved for 24 h in DMEM with 0.5%
FBS prior to receiving stimulation with 5% FBS. If necessary,
various pharmaceutical inhibitors were added to the culture and
then incubated for an additional 24 or 48 h. Control cells were
treated with an equivalent amount of vehicle.

CELL PROLIFERATION

Cell proliferation was assessed by counting cells, the MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay and
BrdU incorporation assay. For counting cell numbers, at least five
pictures from each well of a 12-well plate were taken and cell
numbers in five wells were counted for a sample under the
microscope. For the MTT assay, MTT was added (final concentration,
0.5 mg/ml) to individual cultures for 1h at the end of experiments.
Tetrazolium was released by dimethyl sulfoxide, and the optical
density was determined with a Spectramax M5 plate reader
(Molecular Devices Corporation, Sunnyvale, CA) at 570 nm. For
the BrdU incorporation assay, a colorimetric BrdU cell proliferation
enzyme-linked immunosorbent assay kit (Roche Applied Science,
Penzberg, Germany) was used according to our previous protocols
[Xing et al., 2008]. Briefly, BrdU labeling solution was added to cells
and then incubated for 4 h. At the end of incubation, the labeling
medium was removed, the cells were fixed, and the DNA was
denatured. After addition of the anti-BrdU-peroxidase conjugate,
the immune complexes were detected by subsequent reaction with
tetramethylbenzidine as substrate for 20 min. The reaction product
was quantified using a Spectramax M5 plate reader.

TRANSFECTION OF siRNA OR PLASMIDS INTO CELLS

The siRNA oligonucleotides targeted specifically to HDAC1 or
HDAC2 (200 pmol) were transfected into NRK-49F cells (1 x 109
using the Amaxa Cell Line Nucleofector Kit T (Lonza Cologne AG,
Cologne, Germany) and the Amaxa Nucleofector device according
to the manufacturer’s instructions (Gaithersburg, MD). In parallel,
200 pmol silencer negative control siRNA was used for off-target
changed in NRK-49F cells. pcDNA3 empty vector and STAT3
plasmid (pcDNA3-STAT3) were transfected by lipofectamine 2000.
After transfection, cells were plated and cultured for 48 h in DMEM
before cell lysates were prepared for immunoblot analysis.
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WESTERN BLOT ANALYSIS

Cell samples were prepared in lysis buffer (Cell Signaling
Technology) containing protease inhibitors cocktail (Roche Diag-
nostic Co. Indianapolis, IN), 1 mM phenylmethanesulphonylfluor-
ide, and phosphatase inhibitors (2 mM Na;V04). After sonication
and centrifugation, supernatants were collected, and the protein
concentration was determined using the BCA protein assay kit
(Pierce, Rockford, IL). Twenty micrograms of protein from each
sample was separated by SDS-PAGE and transferred to a
polyvinylidene difluoride (PVDF) membrane (Millipore, Bedford,

Control

5% FBS

MA). After block with 5% skim milk at 4°C overnight, membranes
were incubated with various antibodies for 1h or longer time and
then incubated with an appropriate horseradish peroxidase-
conjugated secondary antibody (Santa Cruz Biotechnology Inc.).
Bound antibodies were visualized following chemiluminescence
detection on autoradiographic film. The densitometry analysis of
immunoblot results was conducted using Image J software (http://
rsh.info.nih.gov/ij) based on the manufacture’s instruction. Briefly,
after development, the film was scanned to obtain the digital image.
The quantification of immunoblot is based on the intensity (density)
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Fig. 1.

Effect of TSA on proliferation of renal interstitial fibroblasts and expression of cell cycle proteins. NRK-49F cells were serum-starved for 24 h (control) and then

incubated in the DMEM with 5% FBS for 48 h in the absence or presence of 100 nM TSA. Phase contrast photographs (200 x) showing the effect of TSA on cell proliferation (A).
Cell proliferation was assessed by counting cells (B). NRK-49F cells were incubated with 5% FBS for 48 h in the presence or absence of the indicated concentrations of TSA and
proliferation was assessed by the MTT assay (C) and a BrdU incorporation assay (D). NRK-49F cells were cultured in the DMEM with 5% FBS for the indicated time and cell lysates
were subjected to immunoblot analysis with antibodies against Cyclin D1, p27, or p57 (F). Values are means & S.D. from three independent experiments. Bars with * are

significantly different from controls (P < 0.05).
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of band, which is calculated by area and pixel value of the band. The
quantification data are given as ratio between target protein and
loading control.

IMMUNOFLUORESCENT ANALYSIS

Cells cultured on cover slips were washed with phosphate buffered
saline (PBS), fixed with 4% paraformaldehyde, permeabilized with
0.1% v/v Triton X-100 and 0.1 mM glycine, and then incubated
30 min in PBS containing 5% serum. Cells were then treated with
primary antibodies at room temperature for 1h. After washing
with PBS, cells were incubated with a mixture of FITC-labeled
goat anti-rabbit IgG antibody for 1h at room temperature.
Morphological analysis was performed by using light and
fluorescent microscopy.

STATISTICAL ANALYSIS

Data are presented as means 4 SD and were subjected to one-way
ANOVA. Multiple means were compared by using Tukey’s test. The
differences between two groups were determined by Student #-test.
P<0.05 was considered as statistically significant difference
between mean values.

HDAC ACTIVITY IS REQUIRED FOR THE PROLIFERATION OF

RENAL INTERSTITIAL FIBROBLASTS AND THE EXPRESSION OF
CELL CYCLE PROTEINS

To determine the role of HDACs in proliferation of renal interstitial
fibroblasts, we treated NRK-49F cells with TSA, a potent and
reversible inhibitor of HDACs [Monneret, 2005], in the complete
medium containing 5% FBS. Cell proliferation was assessed by
directly counting the number of cells and measuring by the MTT as
well as BrdU incorporation assays. Treatment with TSA significantly
decreased proliferation of NRK-49F (Fig. 1A, B,D). This inhibitory
effect of TSA occurred in a dose dependent manner with the
significant effect at 25 nM and the maximum inhibition at 100 nM
(Fig. 1C). These data, together with our recent results showing that
25-100 nM TSA can inhibit the deacetylase activity of HDAC [Pang
et al., 2009], suggest that the HDAC activity is required for the
proliferation of renal interstitial fibroblasts.

Cell proliferation is controlled by expression of cell cycle
proteins. Up-regulation of Cyclin D1 and down-regulation CDK
inhibitors such as p27 and p57 are associated with the progression of
the cell cycle [Golias et al., 2004]. To understand whether activation
of HDACs contributes to the expression of those proteins, NRK-49F
were incubated with 100nM TSA for 12, 24, and 48 h, and then
harvested for immunoblot analysis of Cyclin D1, p27, and p57. As
shown in Figure 1E, the expression level of Cyclin D1 was seen at
12h following TSA treatment. At 48 h, Cyclin D1 was no longer
detectable. In contrast, p27 and p57 expression was increased over
time with the maximum at 48 h. These data illustrated that all of
those cycle proteins are subjected to regulation by HDACs in renal
interstitial fibroblasts.

EXPRESSION OF HDAC1 AND HDAC2 IN RENAL

INTERSTITIAL FIBROBLASTS

Recent studies showed that SK-7041, a selective inhibitor of
class I HDACs, exhibited an anti-proliferative effect similar to that
of the class I/Il HDAC inhibitors did [Lee et al., 2006], and that
HDAC1 and HDAC2 are required for organ development and
proliferation of ES cells and embryonic fibroblasts [Zupkovitz et al.,
2006; Zimmermann et al., 2007]. As a first step toward under-
standing the role of HDAC1 and HDAC2 in renal fibroblast
proliferation, we examined HDAC1 and HDAC2 expression in
NRK-49F cells. Immunoblot analysis indicated that HDAC1 and
HDAC2 were abundantly expressed in renal interstitial fibroblasts
(Fig. 2A). Immunofluorescent staining demonstrated a nuclear
localization for HDAC1 and both nuclear and cytosolic distribution
for HDAC2 in serum-starved NRK-49F cells. After treatment
with 5% FBS, both HDAC1 and HDAC2 were only observed in
the nucleus (Fig. 2B). These data suggest that HDAC1 and HDAC2 are
expressed in renal interstitial fibroblasts and that stimulation with
mitogens can induce translocation of HDAC2 from the cytosol to the
nucleus.
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Fig. 2. Expression of HDAC 1 and 2. (A) Cultured NRK-49F cells were

harvested and cell lysates were subjected to immunoblot analysis with anti-
bodies against HDAC1 and HDAC2. Representative immunoblots from three or
more experiments are shown (1 x 200). (B) Cultured NRK-49F cells were
seeded on the cover slips and then starved for 24 h with 0.5% FBS. After
treatment with 5% FBS for an additional 1 h, cells were harvested for staining
with antibodies to HDAC1 or HDAC2.
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HDAC1 AND HDAC2 KNOCKDOWN DECREASES THE
PROLIFERATION OF RENAL INTERSTITIAL FIBROBLASTS

To determine the role of HDAC1 and HDAC2 in renal fibroblast
proliferation, the siRNA approach was used. NRK-49F cells were
transfected with siRNA specifically targeting HDAC1 and HDAC2. At
48 h after transfection, cell proliferation was analyzed by both cell
counting and the MTT assay. Figure 3A,B showed that knockdown of
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Fig. 3.

either HDAC1 or HDAC2 significantly inhibited proliferation of
NRK-49F. Immunoblot analysis indicated that expression levels of
HDAC1 and HDAC?2 are inhibited by 70% and 75%, respectively, in
cells transfected with HDAC1 or HDAC2 siRNA relative to those
transfected with scrambled siRNA. These data suggest that both
HDAC1 and HDAC2 are involved in the regulation of renal fibroblast
proliferation.
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Effect of siRNAs specific to HDAC1 and HDAC2 on the proliferation of renal interstitial fibroblasts. NRK-49F cells were transfected with scrambled siRNA or siRNA

specific to HDAC1 and HDAC2, respectively, and incubated for 48 h in DMEM with 5% FBS. Cell proliferation was determined by cell counting (A), and the MTT assay (B). Cells
were harvested and cell lysates were subjected to immunoblot analysis with antibodies to HDAC1, HDAC2, or GAPDH. Representative immunoblots from three or more
experiments are shown (C,D). Expression levels of HDAC1, HDAC2 in different groups were quantified by densitometry and normalized with GAPDH (E,F). Data are expressed as

means +S.D. Bars with * are significantly different from controls (P < 0.05).
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HDAC2 AND HDAC1 KNOCKDOWN DIFFERENTIALLY REGULATES
THE EXPRESSION OF CYCLE PROTEINS

We further examined the effect of HDAC1 and HDAC2 down-
regulation on the expression of Cyclin D1, p27, and p57 using siRNA
approach. Figure 4 showed that knockdown of either HDAC1 or
HDAC2 decreased the expression of Cyclin D1 and increased
expression of p57. However, increased protein abundance of p27
was only observed in cells with silencing of HDAC2. Therefore, we
suggest that expression of cyclin D1 and p57 are under control by
both HDAC1 and HDAC2, and expression of p27 is only regulated by
HDAC2.

SERUM-INDUCED STAT3 PHOSPHORYLATION IS REGULATED BY
HDAC1 AND HDAC2

Our recent studies showed that inhibition of HDACs by TSA inhibits
STAT3 phosphorylation [Pang et al, 2009]. Here we further
examined the effect of HDAC1 and HDAC2 down-regulation on
the phosporylation of STAT3 at Tyr705, an active form of STAT3. As

shown in Figure 5, knockdown of either HDAC1 or HDAC2 reduced
STAT3 phosphorylation and increased its acetylation levels.
Interestingly, down-regulation of these two HDAC isozymes also
decreased expression of total STAT3. However, the densitometry
analysis on immunoblots showed that cells transfected with either
HDAC1 or HDAC2 siRNA have a lower ratio of phospho STAT3/total
compared with that in the scramble siRNA transfected cells,
suggesting that p-STAT3 reduction in cells with knocking down of
HDAC1 or HDAC2 siRNA is at least in part due to alteration in the
rate of phosphorylation. Collectively, these data suggest that both
HDAC1 and HDAC2 are required for regulation of STAT3
phosphorylation, acetylation, and expression in renal interstitial
fibroblasts.

STAT3 MEDIATES PROLIFERATION OF RENAL INTERSTITIAL
FIBROBLASTS

To determine the role of STAT3 in proliferation of renal fibroblasts,
we first examined the effect of S31-201, a specific inhibitor of STAT3
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Effect of siRNA specific to HDAC1 and HDAC2 on the expression of cell cycle proteins in renal interstitial fibroblasts. NRK-49F cells were transfected with scrambled

siRNA or siRNAs specific to HDAC1 and HDAC2, respectively, and then incubated for 48 h in DMEM with 5% FBS. Cells were harvested and cell lysates were subjected to
immunoblot analysis with antibodies to cyclin D1, p27, p57, or GAPDH. Representative immunoblots from three or more experiments are shown (A). Expression levels of cyclin
D1, p27, and p57 in different groups were quantified by densitometry and normalized with GAPDH (B,C). Data are expressed as means + S.D. Bars with * are significantly

different from controls (P< 0.05).
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Effect of siRNA specific to HDAC1 and HDAC2 on the expression of phosphorylated STAT3, acetylated STAT3, and STAT3. NRK-49F cells were transfected with

scrambled siRNA or siRNA specific to HDAC1 and HDAC2, respectively, and then incubated for 48 h in DMEM with 5% FBS. Cells were harvested and cell lysates were subjected
to immunoblot analysis with antibodies to phospho-STAT3 at Tyr-705 (p-STAT3), acetyl-STAT3 at Lys685 (acetyl-STAT3), STAT3, or GAPDH. Representative immunoblots from
three experiments are shown (A,B). Expression levels of those proteins in different groups were quantified by densitometry and normalized with total STAT3 or GAPDH as
indicated (C-F). Data are expressed as means + S.D. Bars with * are significantly different from controls (P < 0.05).

on the proliferation of NRK-49F. S31-201 inhibited proliferation of
NRK-49F in dose and time dependent manners with initial inhibition
at 25 uM and maximal inhibition at 100 uM (Fig. 6A,B). Our recent
studies have demonstrated that S31-201 completely blocked STAT3
phosphorylation at 100 uM [Pang et al., 2010]. Next, we examined
the effect of siRNA-mediated STAT3 knockdown on the prolifera-
tion of renal interstitial fibroblasts. Transfection of STAT3 siRNA led
to a significant decrease in the expression of STAT3 (Fig. 6E,F) and
proliferation of NRK-49F (Fig. 6C,D). However, expression levels of
HDAC1 and HDAC2 were not affected by STAT3 down-regulation
(Fig. 6C,D). These results suggest that STAT3 may mediate the

proliferation of renal interstitial fibroblasts by acting downstream of
HDAC1 and HDAC2.

STAT3 IS REQUIRED FOR HDAC-ELICITED PROLIFERATION OF RENAL
INTERSTITIAL FIBROBLASTS

If STAT3 acts downstream of HDACs to mediate renal fibroblast
proliferation, the inhibitory effect of TSA on renal fibroblasts should
be decreased in cells lacking STAT3 and add-back of STAT3 should
restore the inhibitory ability of TSA. To test this hypothesis, we
treated the wild type (STAT3"/") or STAT3 deficient (STAT3 /")
MEFs with TSA and then determined their proliferation by the MTT
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Fig. 6. Effect of STAT3 inhibition on the proliferation of renal fibroblasts. NRK-49F cells were incubated with 50 uM S31-201 in the indicated doses for 24 or 48 h (A,B) or
transfected with scrambled siRNA or siRNA specific to STAT3, respectively, and then incubated for 48 h in DMEM with 5% FBS (C,D). Cell proliferation was assessed by counting
cells (A,C) and the MTT assay (B,D). Cell lysates were subjected to immunoblot analysis with antibodies to STAT3, HDAC1, HDAC2, or GADPH (E). Representative immunoblots
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as means =+ S.D. Bars with “are significantly different from controls (P < 0.05).

assay. TSA decreased cell proliferation by 52% in STAT3*/* MEFs. that TSA-mediated inhibition of proliferation depended upon the
In contrast, TSA only decreased proliferation by 25% in STAT3 /'~ presence of STAT3 in fibroblasts.

cells (Fig. 7A). As expected, re-introduction of wild type STAT3 to
STAT3 ™/~ cells led to the restoration of the ability of TSA to inhibit
the proliferation of MEFs (Fig. 7B). Similar results were obtained
when cell numbers were counted (data not show). The expression
level of total STAT3 in STAT3 ~/~ MEFs after STAT3 transfection was In this report, we demonstrated that either inhibition of the HDAC
the similar to that in STAT3*/* MEF (Fig. 7C,D). These data indicated activity with TSA or specific silencing of major class 1 HDAC1 and
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Effect of TSA on cell proliferation in STAT*/* and STAT3~/~ MEFs. (A) STAT3 wild type (STAT3*/*) and STAT3 knockout (STAT3 ~/~) MEFs were incubated with 100 nM

TSA for 48 h and cell proliferation was assessed by the MTT assay. (B) STAT3 '~ MEF were transfected with pcDNA3 empty vector or STAT3 plasmid (pcDNA3-STAT3) by
lipofectamine. At 48 h after transfection, cells were incubated with 100 nM TSA for an additional 48 h and cell proliferation was measured by the MTT assay. Data are expressed
as means + SD. Bars with * are significantly different from controls (P < 0.05). Cell lysates were subjected to immunoblot analysis with antibodies to STAT3 or Actin (C,D).

HDAC2 enzymes with siRNA decreased proliferation of cultured
renal interstitial fibroblasts and expression of cell cycle proteins.
Moreover, we showed that both HDAC1 and HDAC2 mediates
activation of STAT3 and that STAT3 plays an essential role in
mediating the action of HDACs. These results, together with our
recent studies showing the requirement of the HDAC activity in
activation of renal interstitial fibroblasts [Pang et al., 2009], suggest
that HDACSs, particularly of HDAC1 and HDAC2, are involved in the
development of renal interstitial fibrosis.

Although all the class I and Il HDAC isoforms are sensitive to TSA,
HDACI1, and HDAC?2 are reported to be the major HDACs implicated
in tissue development and cell proliferation. Genetic studies
revealed that gene disruption of HDAC1 led to severe developmental
defects and reduced proliferation both in the mouse embryo and in
ES cells [Zupkovitz et al., 2006]. Inactivation of HDAC2 also delayed
growth in mice, leading to smaller and less fertile animals than wild-
type and heterozygous littermates [Zimmermann et al., 2007].
Recently, Yamaguchi et al. [2010], demonstrated that both HDAC1
and HDAC?2 are required for the proliferation of MEFs [Yamaguchi et
al., 2010]. Our studies indicated that HDAC1 and HDAC2 are
abundantly expressed in cultured renal fibroblasts and that
silencing either of them significantly decreases proliferation of
NRK-49F, which supports involvement of these two HDAC isoforms
in renal interstitial fibroblasts.

HDAC-mediated proliferation of renal fibroblasts is associated
with down-regulation of CKIs (i.e., p27 and p57) and up-regulation

of cyclin D1. In this study, we examined the effect of HDAC1 and
HDAC2 down-regulation on the expression of Cyclin D1, p27, and
p57 in renal fibroblasts. Although knockdown of either HDAC1 or
HDAC2 significantly increased expression of p57, silencing of
HDAC2, but not HDAC1 resulted in an increased protein level of p27.
In addition to CKD inhibitors, siRNA-mediated silencing of HDAC1
and HDAC2 decreased protein abundance of Cyclin D1, a key
regulator that promotes S phase entry in the cell cycle. In line with
our observation, HDAC1 and HDAC2 have been reported to promote
the G1-to-S-phase transition by inhibiting the expression of p57 in
MEFs [Yamaguchi et al., 2010], and inhibition of the HDAC activity
with TSA decreased the expression of p27 in rat mesangial cells
[Freidkin et al., 2010]. Since Cyclin D1 is a positive regulator of the
cell cycle whereas p27 and p57 are negative regulators of the cell
cycle [Golias et al., 2004], the coordinate regulation of expression of
those proteins by HDAC1 and HDAC2 may accelerate the cell cycle
progression in renal fibroblasts.

Currently, the mechanism by which HDAC1 and HDAC2
differently regulates p27 expression remains unclear. A previous
study showed that the enforcement of elevated p27 protein levels by
HDAC-inhibitors is not due to changes in the level of p27 transcript
but associated with the post-translational mechanism, mainly p27
stability [Chen and Faller, 2005]. As p27 stability is typically
regulated by proteolytic degradation through the ubiquitin-
proteasome pathway [Freytag and Geddes, 1992; Hengst and Reed,
1996; Vlach et al., 1997; Shirane et al., 1999], it is possible that
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Fig. 8. Model of HDAC1/2-mediated STAT3 activation and renal fibroblast
proliferation. Serum-cultured renal fibroblasts contain activated HDAC1/2,
which is required for induction of STAT3 tyrosine phosphorylation and
activation via catalyzing deacetylation. The phosphorylated STAT3 is translo-
cated into the nucleus, where it regulates transcription of the target genes
associated with cell cycle progression and cellular proliferation. Inhibition of
HDAC1/2 by either its inhibitor or siRNA leads to an increase in STAT3
acetylation. A switch from phosphorylated to acetylated STAT3 may lead to
its dephosphorylation/inactivation via acetylation-dependent recruitment of
the highly active tyrosine phosphatase (i.e., TCP 45) as described for the
regulation of STAT1 signaling by acetylation (see discussion). As a result,
STAT3-dependent cell cycle control and proliferation is suppressed or
terminated.

HDAC2, but not HDAC1, plays a role in regulating activation of this
pathway. This hypothesis will be tested in our future studies.

An interesting observation is that knocking down of either
HDAC1 or HDAC2 reduces STAT3 phosphorylation at Tyr 705 in
renal fibroblasts. As STAT3 phosphorylation at this residue is
required for its dimerization and activation, we suggest that
these HDAC isoforms play an important role in regulation of
STAT3 activation. Furthermore, as Cyclin D1 is one of the STAT3
transcriptional targets, it is possible that HDACs-mediated STAT3
activation is functionally linked to proliferation of renal fibroblasts.
This hypothesis is supported by our observations that inhibition of
STAT3 with S31-201 or specific siRNA decreased proliferation of
renal interstitial fibroblasts and that deletion of STAT3 alleviated the
inhibitory effect of TSA on cell proliferation in MEFs whereas re-
introduction of STAT3 to STAT3~/~ MEFs restored the ability of TSA
to inhibit fibroblast proliferation. Therefore, it seems that STAT3
acts as an intermediary molecule in HDACs regulation of Cyclin D1
expression. Nevertheless, the STAT3 signaling pathway may not be
the sole one that mediates the expression of Cyclin D1 by HDACs.
Previous studies have indicated that TSA-mediated suppression of
Cyclin D1 expression is involved in the decreased NF-kappaB/DNA
binding [Hu and Colburn, 2005] and ubiquitin-dependent degrada-
tion [Alao et al., 2006]. Further studies are necessary to elucidate the
molecular basis by which STAT3 coordinates with NF-kappaB/p65
and ubiquitins to regulate cyclin D1 expression.

The detailed mechanism by which HDAC1/2 inhibition reduces
STAT3 tyrosine phosphorylation remains poorly understood, but
may be associated with acetylation. Our previous and current studies
showed that dephosphorylation of STAT3 by TSA or siRNAs
targeting HDAC1 or HDAC2 was accompanied by STAT3 hyper-
acetylation. Similar reciprocal alterations in tyrosine phosphoryla-
tion and acetylation were also observed in STAT1 after inhibition of
the HDAC activity in a variety of cell types [Nusinzon and Horvath,
2003; Klampfer et al., 2004]. Recently, Krdmer et al. reported that
STAT]1 acetylation can induce its binding to TCP45, which catalyzed
STAT1 dephosphorylation [Kramer et al., 2009]. On this basis, they
proposed a model to explain the mechanism by which STAT1
acetylation counteracts its phosphorylation: acetylation of STAT1
leads to the formation of a complex with the T-TCP45 and the highly
active PTP TCP45 acts as a “transmission control protein” docking
to and inhibiting previously activated STAT1 [Kramer et al., 2009].
Whether this functional phospho-acetyl switch, regulated by an
acetylation/deacetylation balance, also modulates STAT3 phos-
phorylation needs further investigation.

In summary, we demonstrated that HDAC1 and HDAC2 play an
important role in regulating proliferation of renal interstitial
fibroblasts and expression of multiple cell cycle proteins. Further,
HDAC1 and HDAC2 contribute to modulation of STAT3 tyrosine
phosphorylation/activation and STAT3 mediates the proliferative
effect of HDACs. Inhibition of HDAC1/2 promotes STAT3 acetyla-
tion. Acetylated STAT3 leads to its dephosphorylation/inactivation
and subsequently antagonizes transcriptional regulation of the
target genes associated with cell cycle regulation and proliferation
(Fig. 8). These findings suggest that targeting HDAC1/2 may be a
promising strategy to attenuate progression of kidney diseases
associated with renal fibrosis.
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