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Idiopathic pulmonary fibrosis (IPF) is a progressive scarring disorder
characterized by the proliferation of interstitial fibroblasts and the
deposition of extracellular matrix causing impaired gas exchange.
Spiruchostatin A (SpA) is a histone deacetylase inhibitor (HDI) with
selectivity toward Class I enzymes, which distinguishes it from other
nonspecific HDIs that are reported to inhibit (myo)fibroblast prolif-
eration and differentiation. Because the selectivity of HDIs may
be important clinically, we postulated that SpA inhibits the prolifer-
ation and differentiation of IPF fibroblasts. Primary fibroblasts were
grown from lung biopsy explants obtained from patients with IPF
or from normal control subjects, using two-dimensional or three-
dimensional culture models. The effect of SpA on fibroproliferation
in serum-containing medium 6 transforming growth factor (TGF)–
b1 was quantified by methylene blue binding. The acetylation of
histone H3, the expression of the cell-cycle inhibitor p21waf1, and
themyofibroblast markersa–smoothmuscle actin (a-SMA) and col-
lagens I and III were determined by Western blotting, quantitative
RT-PCR, immunofluorescent staining, or colorimetry. SpA inhibited
the proliferation of IPF or normal fibroblasts in a time-dependent
and concentration-dependent manner (concentration required to
achieve 50% inhibition ¼ 3.86 0.4 nM versus 7.86 0.2 nM, respec-
tively; P , 0.05), with little cytotoxicity. Western blot analyses
revealed that SpA caused a concentration-dependent increase in
histone H3 acetylation, paralleling its antiproliferative effect. SpA also
increased p21waf1 expression, suggesting that direct cell-cycle regula-
tion was the mechanism of inhibiting proliferation. Although treat-
ment with TGF-b1 induced myofibroblast differentiation associated
with increased expression of a-SMA, collagen I and collagen III and
soluble collagen release, these responses were potently inhibited by
SpA. These data support the concept that bicyclic tetrapeptide HDIs
merit further investigation as potential treatments for IPF.

Keywords: pulmonary fibrosis; histone deacetylase inhibitor; spiruchostatin

A; myofibroblast; proliferation

Interstitial lung diseases (ILDs) are among the most difficult re-
spiratory diseases to manage and treat effectively. One of the
most common and important ILDs is idiopathic pulmonary fibrosis
(IPF) (1), with an estimated incidence of 6.8–14 cases per 100,000,
and a frequency that is slightly higher in the male population (2). It
is a progressive disease that causes significant morbidity and mor-
tality (3). The etiology of IPF is unknown, and its prognosis is as
dismal as that of lung cancer (a median 2–4 years of survival from
time of diagnosis) (4). Currently no effective treatment exists and,
to make matters worse, available therapies that include corticoste-
roids and other immunosuppressive agents frequently cause un-
pleasant and sometimes dangerous side effects. The histologic
hallmark of IPF is a heterogeneous appearance with areas of nor-
mal lung alternating with fibrosis, and honeycomb changes. The
fibrotic zones are composed mainly of dense collagen with scattered
foci of proliferating fibroblasts (so-called fibroblastic foci), typically
found at the edges of dense scars. Because outcomes are poorer for
individuals with more fibroblastic foci (5), these areas of fibroblastic
activity may make an important pathological contribution to the
disease process.

Fibroblasts have the capacity to differentiate into myofibro-
blasts, which are specialized contractile cells that synthesize large
amounts of extracellular matrix (ECM; primarily interstitial colla-
gens) in response to profibrotic agents such as transforming growth
factor–b (TGF-b) (6). Myofibroblasts play a vital role in normal
wound healing. However, in fibrotic diseases, they fail to undergo
apoptosis as part of the normal resolution process. This leads to
an excess accumulation of ECM, and results in tissue dysfunction
as normal tissue is replaced by scar tissue. The role of myofibro-
blasts in orchestrating the active scarring process in IPF has come
to be further appreciated (7, 8). Their involvement in a dysregu-
lated wound-healing response appears to lead to the development
of dysfunctional scar tissue in the lung, with resultant architec-
tural distortion and disruption of gas exchange. Myofibroblast
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CLINICAL RELEVANCE

Spiruchostatin A (SpA) is a histone deacetylase inhibitor
(HDI) with selectivity toward Class I enzymes, which dis-
tinguishes it from other nonspecific HDIs that are reported
to inhibit (myo)fibroblast proliferation and differentiation.
We demonstrate the ability of spiruchostatin A to potently
(in the nanomolar range) reduce the uncontrolled prolif-
eration of idiopathic pulmonary fibrosis (IPF) fibroblasts
and prevent their biosynthetic activity. Our data suggest
that spiruchostatin A or similar compounds, in view of their
selectivity, should be further investigated for their potential
as a novel class of therapeutic agents for IPF.
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accumulation in the lung corresponds clinically with decreasing
lung volumes and the development of more severe symptoms (9).

Persistent aberrations in fibrogenic pathways were detected pre-
viously in lung tissue and fibrotic cells derived from patients with
IPF (10, 11). However, the reasons for these changes have not
been investigated in detail. One potential mechanism lies at the
level of reversible acetylation and deacetylation of histones and
other nonhistone proteins by histone deacetylases (HDACs) and
histone acetyltransferases (HATs) (12, 13). The reversible acet-
ylation and deacetylation of histones comprise important mech-
anisms for regulating gene expression. Histone hyperacetylation
is generally associated with euchromatin and increased transcrip-
tion, whereas hypoacetylation leads to transcriptional repression.
HATs can also acetylate nonhistone proteins, such as transcrip-
tion factors and nuclear receptors, to facilitate gene expression.
Imbalances in HAT/HDAC activity have been associated with
several diseases, most notably the dysregulation of cell-cycle con-
trol linked to uncontrolled proliferation in several cancers (14, 15).
A number of small-molecule HDAC inhibitors (HDIs) have been
developed to investigate the role of HDACs in normal and dis-
ease processes. HDIs can increase or decrease the expression of
specific genes through their effects on the acetylation of histones
and nonhistone proteins. Thus, via their effects on chromatin
structure and transcription factor/cofactor binding, HDIs modu-
late the expression of approximately 2–10% of cellular genes. The
ability of HDIs to modify the acetylation status of a large number
of cellular proteins involved in oncogenic processes has led to the
development of this class of drugs as anticancer agents (16).

Like cancer, IPF is characterized by uncontrolled cell (in this
case, fibroblast) proliferation, and the HDI suberoylanilide
hydroxamic acid (SAHA) has been shown previously to block
the stimulatory effects of TGF-b1 on myofibroblast differentia-
tion, suggesting that HDIs may have therapeutic potential in
pulmonary fibrosis (17). SAHA is a hydroxamic acid derivative
that chelates zinc ions and belongs to the broadest class of HDI,
affecting both Class I and II HDACs. More selective HDIs are
of interest, not only as tools for probing the biological functions
of specific HDAC isoforms, but also as candidate therapeutic
agents with fewer side effects. Here we test the hypothesis that
spiruchostatin A (SpA) is a potent inhibitor of the proliferation
and differentiation of primary fibroblasts derived from patients
with IPF, compared with fibroblasts from normal control lungs.
SpA is a cyclic, cysteine-containing depsipeptide natural prod-
uct, and has a distinct selectivity profile with key pharmacody-
namic differences compared with nonspecific HDIs such as
SAHA or trichostatin A (TSA) (18, 19). It is more Class I–
selective, and in particular these compounds differ in their
effects on HDAC6. Furthermore, the effects of SpA on histone
acetylation are slower but more prolonged, compared with the
hydroxamic acid–based inhibitors, but this does not compromise
efficacy (18). Moreover, histone acetylation persists after re-
moval of the drug, which may be important clinically. This work
was presented previously in abstract form (20).

MATERIALS AND METHODS

Compounds

SpAwas synthesized as previously described (21), and was derived from
a 1 mM stock in dimethyl sulfoxide (DMSO; Sigma, Gillingham, UK).
A vehicle control was included in each experiment.

Primary Fibroblast Culture

Fibroblast cultures were established from explant cultures of surgical
lung biopsies from three patients with a confirmed diagnosis of IPF
(i.e., pathology consistent with the usual interstitial pneumonia) or from
macroscopically normal lung tissue from (1) a wedge resection for a

solitary pulmonary nodule (a histologically demonstrated hamartoma),
and (2) a lobectomy for a T1 non–small cell lung cancer. In addition,
a commercially available normal lung fibroblast cell line (CCD-19Lu;
American Type Culture Collection, Manassas, VA) was used.

Methylene Blue Proliferation Assay

Fibroblasts were treated in the absence or presence of 5 ng/ml TGF-b1

(Peprotech, London, UK) for 24 hours before treatment with SpA.
The cells were retreated with SpA after 24 hours. Cells were fixed in
formal saline at 48, 72, and 144 hours before staining with methylene blue
(22). The cell number, as determined by direct cell counting, was propor-
tional to absorbance at 630 nm.

Western Blot Analyses

Western blots were performed for acetyl histone H3 (Millipore, Watford,
UK) and a–smooth muscle actin (a-SMA; Sigma), using enhanced
chemiluminescence detection (ECL plus; GE Healthcare, Buckingham-
shire, UK), and with pan histone H3 (Millipore) as loading control.

Quantitative RT-PCR

RNA was isolated using Trizol (Invitrogen, Paisley, UK), and was
DNase-treated (Ambion, Warrington, UK) before cDNA synthesis.
Changes in the mRNA expression of p21waf1, collagen I, collagen III,
and a-SMA were analyzed by quantitative PCR and normalized to the
housekeeping genes ubiquitin C and phospholipase A2 (UBC/A2),
using the ΔΔCT method (23). All PCR reagents were purchased from
PrimerDesign, Ltd. (Southampton, UK).

Indirect Immunofluorescent Staining

Fibroblasts (13 103/well in chamber slides) were treated in the absence
or presence of TGF-b1 and SpA as for Western blot analysis. At 48
hours, they were fixed in 4% paraformaldehyde and permeabilized
before immunostaining for a-SMA (1:150), using a secondary FITC-
conjugated antibody (1:50). Nuclei were counterstained with 7-amino
actinomycin D.

Three-Dimensional Fibroblast Culture

To model fibroblastic foci more closely, fibroblasts were grown in three-
dimensional micromass pellet cultures similar to those used for mesenchy-
mal stem cells (24). Fibroblasts were harvested by centrifugation in 20-ml
universal containers. The resulting pellet (1.0–1.5 3 106 cells) was placed
in 2 ml DMEM/FBS in the absence or presence of 5 ng/ml TGF-b1 and
without or with 62.5 nM SpA. The media were changed on alternate days,
and spent media were clarified by centrifugation before soluble collagen
analysis. The pellets were fixed and paraffin-embedded, and sections were
analyzed using Masson trichrome stain.

Collagen Assay

Culture media were treated with 4 M NaCl, and the collagen precipitate
was collected by centrifugation. The pellet was solubilized in 0.5 M ace-
tic acid and collagen quantified by reference to a standard curve using
Sirius red dye, according to the manufacturer’s instructions (Sircol
collagen assay kit; Biocolor, Ltd., Carrickfergus, UK).

Statistical Analysis

Differences between twomeans were assessed using the Student t test. For
multiple comparisons, one-way ANOVA was used. When mean values
were significantly different, pairwise comparisons were performed using
the Student t test. P , 0.05 was accepted as statistically significant.

RESULTS

SpA Inhibits Fibroblast Proliferation

Initial experiments examined the effects of SpA on the prolif-
eration of fibroblasts cultured from a 78-year-old patient with
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IPF. Cells were cultured in DMEM/FBS to favor maximal pro-
liferation, and were tested in the absence or presence of TGF-b1

to mimic a profibrotic environment. Under these conditions,
the cells doubled every 48 hours, and TGF-b1 exerted no effect
on the proliferation of fibroblasts (Figure 1A). In the presence
of SpA (10 nM), an inhibitory effect on fibroblast proliferation
was evident, which was particularly marked after 72 and 144
hours, when significant inhibition occurred, irrespective of the
presence of TGF-b1 (Figure 1A). At 144 hours, the concentra-
tion required to achieve 50% inhibition (IC50) of proliferation
was 4.1 nM in serum-containing medium alone, or 3.8 nM in
the presence of TGF-b1 (Figure 1B). Similar experiments were
performed using fibroblasts from two further IPF donors and
three normal control subjects. The results showed that the
fibroblasts displayed significantly different proliferative poten-
tials, with the IPF fibroblasts achieving a higher cell density
at 144 hours (Figure E1 in the online supplement). Dose–
response curves were performed for each fibroblast line
(Figure E2), and the combined data revealed that the mean
IC50 for SpA was significantly lower for IPF fibroblasts com-
pared with normal control samples when the cells were grown
in the absence of TGF-b1 (3.8 6 0.4 nM versus 7.8 6 0.2 nM,
respectively; P , 0.05). However, this selectivity was lost
when the cells were grown in the presence of TGF-b (7.3 6
3.2 nM versus 7.5 6 1.6 nM, respectively) (Figures 1C, and
E2A, and E2B).

Whereas SpA was observed to inhibit proliferation, little
cytotoxicity was evident either morphologically (Figure E3) or
by measurement of lactate dehydrogenase (LDH) release, which
showed only an approximate doubling of basal LDH release
even at 100 or 1,000 nM SpA (Figure E4). To assess the longevity
of the inhibitory effect of SpA on IPF fibroblast proliferation, the
inhibitor was removed after 48 hours of treatment and replaced
with DMEM/FBS in the absence or presence of TGF-b1. Under
these conditions, a significant dose-dependent inhibition of pro-
liferation (ANOVA, P , 0.0001) was still evident after 96 hours
(Figure 1D), suggesting a prolonged and potent antiprolifera-
tive effect. Under these conditions, the IC50 values were still in
the nanomolar range (4.7 and 7.3 nM in the presence or absence
of TGF-b1, respectively).

SpA Induces Histone H3 Acetylation

Because SpA inhibits histone deacetylase activity, we examined
the effects of SpA on histone H3 acetylation. Previously, Crabb
and colleagues (18) showed that SpA induced histone acetyla-
tion for up to 72 hours, compared with other HDIs such as TSA,
where acetylation was limited to 24 hours. Therefore, cells were
pretreated with or without TGF-b1 in DMEM/FBS for 24 hours,
before treatment with SpA 6 TGF-b1 for 24, 48, or 72 hours.
Protein lysates were then extracted, and histone H3 acetylation
was examined via Western blotting. This revealed that SpA
caused a dose-dependent increase in histone H3 acetylation,
which was evident at 1 nM SpA, and was markedly increased
at greater than 10 nM SpA (Figure 2A). Using 10 nM SpA, the
increase in histone H3 acetylation was detectable at 24 hours. It
peaked at 48 hours, and remained elevated at 72 hours (Figure
2B) (ANOVA, P , 0.0003). Thus, the data suggest that the
inhibitory effect of SpA is linked to its ability to inhibit histone
deacetylation.

SpA Induces the Expression of the Cell-Cycle

Regulator p21waf1

OtherHDIs are known to induce the expression of cell-cycle reg-
ulators to inhibit the proliferation of cancer cells (15, 18). To
determine whether the antiproliferative mechanism was similar
in IPF fibroblasts, we investigated p21waf1 mRNA concentra-
tions. As shown in Figure 3A, SpA caused a significant dose-
dependent increase (ANOVA, P , 0.0001) in p21waf1 mRNA
expression in fibroblasts at 48 hours, the time point beyond
which an inhibition of proliferation was evident. In cells treated
with SpA alone, a sixfold increase in p21waf1 mRNA was seen at
10 nM SpA, and at 1,000 nM, an eightfold increase was evident.
After treatment with TGF-b1, the expression of p21waf1 was
significantly increased in the absence of SpA (P , 0.05), and
this almost doubled at 1 nM SpA, reaching its maximum at
1,000 nM (Figure 3A). Comparing the effects of 10 nM SpA
on fibroblasts from three IPF donors and three normal control
subjects revealed that SpA showed a trend toward greater in-
duction of p21waf in IPF fibroblasts (Figure 3B), but this trend
failed to reach statistical significance. These data suggest that

Figure 1. Inhibition of fibroblast proliferation by spiru-

chostatin A (SpA). Idiopathic pulmonary fibrosis (IPF)

fibroblasts were cultured for up to 144 hours in DMEM/

FBS and SpA. (A) Time-course data for fibroblasts from
a single IPF donor, assessing the antiproliferative effect

of 10 nM SpA in the absence (solid bar) or presence

(open bar) of transforming growth factor (TGF)–b1 com-

pared with vehicle control alone (grey bar) or vehicle in
the presence of TGF-b1 (hatched bar). (B) Growth inhi-

bition plots for cells from the same donor, grown in the

absence (solid circles) or presence (open squares) of
TGF-b1 for 144 hours and treated with a range of SpA

concentrations. The cell number was expressed as a per-

centage of the vehicle control at 144 hours, after sub-

traction of the cell number at t ¼ 0. (C) The
concentrations required to achieve 50% inhibition

(IC50 values) for the antiproliferative effects of SpA, de-

termined from dose–response curves for fibroblasts

from three IPF donors and three normal control subjects
(as shown in Figure E2). (D) The persistence of the effect

of SpA (48 hours of exposure) on fibroblast proliferation

in the absence (solid circles) or presence (open squares)
of TGF-b1, measured 96 hours after the removal of SpA. For comparison, fibroblasts were continuously exposed to SpA in the absence (solid

squares) or presence (open circles) of TGF-b1. Data are expressed as in B. Data represent means 6 SD (n ¼ 3 individual experiments). *P ,
0.05, versus corresponding control sample. **P , 0.01, versus corresponding control sample (i.e., vehicle without or with TGF-b1).
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the suppression of cell proliferation by SpA is attributable to its
ability to induce the expression of cell-cycle inhibitory proteins.

SpA Inhibits Myofibroblast Differentiation Induced by TGF-b1

In fibrotic diseases, the ability of TGF-b1 to induce myofibro-
blast differentiation is deemed a key event in fibrogenesis.
Therefore, we also examined the effects of SpA on the basal
and TGF-b1–induced expression of a-SMA, a marker of myofi-
broblast differentiation. As expected, TGF-b1 caused a fivefold
increase in a-SMA mRNA expression at 48 hours (Figure 4A),

and this was paralleled by an increase in a-SMA protein expres-
sion at 72 hours after treatment (Figure 4B). When the cells were
cotreated with TGF-b1 and SpA, the induction of a-SMA
mRNA expression was dose-dependently inhibited by SpA
(ANOVA, P , 0.0001), with the suppression of a-SMA gene
expression evident at 10 nM SpA. The expression of the a-SMA
gene was completely abolished between 100 and 1,000 nM SpA
(Figure 4A). SpA also dose-dependently inhibited induction of
a-SMA protein expression by TGF-b1 (Figure 4B). Comparing
the effects of 10 nM SpA on fibroblasts from three IPF donors
and three normal control subjects confirmed that SpA inhibited
aSMA mRNA expression both at baseline and in the presence
of TGF-b, with no significant difference between groups (Figure
4C). We further assessed the assembly of contractile actin fi-
laments according to immunofluorescent staining. Figure 4D
shows that TGF-b1 induced myofibroblast differentiation, as
demonstrated by the formation of prominent actin filaments,
and this differentiation was blocked by SpA.

SpA Diminishes the Expression of Interstitial Collagens

To confirm the inhibitory effect of SpA onmyofibroblast activity,
quantitative RT-PCRwas used to investigate the mRNA expres-
sion of interstitial collagens I and III by (myo)fibroblast mono-
layers. This investigation revealed that SpA dose-dependently
blocked the TGF-b1–induced expression of collagen I (ANOVA,
P, 0.02) and collagen III (ANOVA, P, 0.0001) in fibroblasts at
48 hours (Figures E5A and 5A, respectively). The most marked
inhibition was of collagen III mRNA expression: TGF-b1 caused
an 8-fold induction of collagen III expression, which was reduced
to below baseline levels by SpA. The induction of collagen I by
TGF-b1 was also inhibited by SpA. However, in contrast with
collagen III, no effect on basal collagen I mRNA expression was
evident. Comparing the effects of 10 nM SpA on fibroblasts from
three IPF donors and three normal control subjects revealed that
SpA was significantly more potent in reducing TGF-b1–induced
collagen III mRNA expression in IPF fibroblasts (Figure 5B),
although its effects on collagen I gene expression were similar
(Figure E5B).

Because fibroblast cultures grown in two dimensions do not
take into account the dense fibrotic regions of IPF lung, we mod-
eled fibroblastic foci using three-dimensional micromass pellet
cultures, similar to those used for mesenchymal stem cells
(24). This tissue engineering strategy involves the trypsinization
of monolayer cultures and centrifugation to form a pellet that
can be cultured in situ under a variety of conditions, and then

Figure 2. SpA increases histone H3 acetylation in primary fibroblasts.

IPF fibroblasts were cultured in DMEM/FBS 6 TGF-b1, with the indi-

cated concentrations of SpA at 24, 48, or 72 hours before harvesting.
Cells were analyzed by Western blotting, using a primary antibody

against acetyl histone H3, with a pan histone H3 antibody as loading

control. (A) Western blots obtained after 48 hours of treatment with

different doses of SpA. (B) Semiquantitative analysis of the time-course
analysis of histone acetylation in the presence of 10 nM SpA and in the

absence (solid bar) or presence (open bar) of TGF-b1, determined using

densitometry. The data represent means 6 SD (n ¼ 3 separate experi-

ments). *P , 0.05, versus corresponding control sample. **P , 0.01,
versus corresponding control sample, denoting an increase in histone

acetylation.

Figure 3. SpA increases the fibro-

blast expression of the cell-cycle

regulator p21waf1. RNA was iso-
lated from IPF (A and B) or normal

(B) fibroblasts treated with the in-

dicated concentrations of SpA (A),

or with 10 nM SpA (B), without
TGF-b1 (solid bars) or with TGF-

b1 (open bars) for 48 hours. cDNA

was synthesized for quantitative
PCR analysis. p21waf1 mRNA ex-

pression was calculated relative to

the geometric mean of the house-

keeping genes UBC/A2, using the
DDCT method. The data in A are

expressed as fold stimulation relative to the untreated control sample (minus TGF-b1), and represent means 6 SD (n ¼ 3 separate experiments),

using one IPF fibroblast cell line. The data in B were calculated as percent stimulation by SpA, compared with expression in the absence or presence

of TGF-b alone, and are shown as means 6 SD from three IPF and three normal fibroblast lines (n ¼ 3 per subject). *P , 0.05, versus corresponding
control sample. **P , 0.01, versus corresponding control sample (i.e., vehicle with or without TGF-b).
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fixed for analysis by histochemistry. Under these conditions, an
increase in fibroblast number occurred over a 7-day period of
culture in DMEM/FBS 6 TGF-b1. After 7 days, the pellets
were fixed and paraffin-embedded for histochemical analysis,
using Masson trichrome stain, which stains collagen blue due
to the binding of aniline blue. Figure 6A demonstrates that
when treated with TGF-b1, collagen deposition is dramatically
increased within the pellets, compared with the medium-only
control. This increase was significantly reduced when the cultures
were cotreated with SpA. To assess further the profibrogenic
activity in the cultures, soluble collagen was measured using
the Sircol assay. Consistent with the responses seen during his-
tochemical analysis of the pellets, the TGF-b1–treated pellets
released significantly more soluble collagen than the control
samples, and this was significantly (P , 0.01) suppressed by
SpA (Figure 6B).

DISCUSSION

Pulmonary fibrosis is characterized by an increase in fibroblast
proliferation and the deposition of ECM proteins by myofibro-
blasts under the control of profibrogenic stimuli such as TGF-b1.
As excess ECM accumulates, healthy tissue is replaced by scar
tissue that disrupts the delicate alveolar architecture, leading to
a severe disruption of gas exchange, ultimately leading to respi-
ratory failure. We have shown that SpA, with its distinct activity
profile toward Class I HDACs, exerts multiple biological effects
on primary fibroblasts derived from patients with IPF. It po-
tently inhibits the proliferation of fibroblasts in association with
increased expression of the cell-cycle inhibitor, p21waf1, and
reduces the profibrotic response driven by TGF-b1, as dem-
onstrated by diminished a-SMA and interstitial collagen ex-
pression. Its effects were paralleled by a long-lived increase
in the acetylation of histone H3, suggesting that its mode of

action, at least in part, involves effects on chromatin struc-
ture. These effects are consistent with characterization stud-
ies by Crabb and colleagues (18), who reported that SpA
inhibited the proliferation of breast cancer cells with an
IC50 of 6 nM.

SpA is a cyclic, cysteine-containing depsipeptide natural
product that was originally isolated from Pseudomonas sp. in
a search for anticancer compounds that could mimic the anti-
proliferative effects of TGF-b1 by the induction of genes that
caused cell-cycle arrest (25). This search was based on the
rationale that although the TGF-b1 treatment of some cancer
cells can result in an increased expression of p21waf1, a known
cyclin-dependent kinase inhibitor (26, 27), other cancers escape
this growth inhibition by down-regulating TGF-b receptors.
Masuoka and colleagues (25) hypothesized that substances with
the ability to induce the expression of growth-inhibitory genes
independent of TGF-b1 would be potential chemotherapeutic
agents. Consistent with this hypothesis, SpA was shown to
inhibit the proliferation of several types of cancer cells by
an induction of cell-cycle regulators (15, 18). The results of
the present study show that although SpA also induces the
expression of p21waf1 in pulmonary fibroblasts to cause similar
antiproliferative effects, it does not simply induce all TGF-
b–regulated genes, insofar as the other effects of TGF-b, such
as myofibroblast differentiation and collagen gene expression,
were suppressed by SpA. This finding probably reflects the com-
plexity of TGF-b signaling that lies upstream of the epigenetic
histone regulatory steps, and the involvement of distinct
HDACs to control the pattern of gene expression. In addition,
HDACs can influence the degree of acetylation of nonhistone
proteins such as transcription factors, thus modulating their ac-
tivity with consequent effects on cellular phenotype. For exam-
ple, the transcription factor SP1 is known to be associated with
Class I HDACs (28), and recent studies have shown that its

Figure 4. TGF-b1 induces a–

smooth muscle actin (a-SMA)
mRNA and protein expression,

which can be inhibited by SpA.

IPF (A–D) or normal (C) fibro-

blasts were cultured without
(solid bars) or with (open bars)

TGF-b1, and with the indicated

concentrations of SpA (A and B)

or 10 nM SpA (C) before harvest-
ing for RNA or protein extraction

at the appropriate time point. (A

and C) a-SMA mRNA expression

was analyzed by quantitative
RT-PCR and calculated relative

to the geometric mean of the

housekeeping genes UBC/A2, us-
ing the DDCT method. The data

in A are expressed as fold stimu-

lation relative to the untreated

control sample, and represent
means 6 SD (n ¼ 3 separate

experiments), using one IPF

fibroblast cell line. The data in

C were calculated as percent in-
hibition of gene expression by

SpA compared with that seen

in the absence or presence of
TGF-b1 alone, and are shown as means6 SD from three IPF and three normal fibroblast lines (n ¼ 3 per subject). (B) a-SMA protein expression at 72 hours

was analyzed by Western blotting, with histone H3 as a loading control. (D) Immunofluorescent staining of a-SMA in fibroblasts, treated in the absence or

presence of TGF-b16 SpA (10 nM) for 48 hours, as indicated. Nuclei were counterstained with 7-amino actinomycin D (red). *P, 0.05, versus corresponding

control sample. **P , 0.01, versus corresponding control sample.
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acetylation is associated with an up-regulation of p21waf in co-
lonic epithelial cells (29). One of the factors linked to the un-
controlled proliferation of IPF fibroblasts involves reduced
levels of the antifibrotic lipid mediator prostaglandin E2 as
a consequence of diminished cyclooxygenase-2 (COX-2) ex-
pression (30). Recent work suggests that histone hypoacetyla-
tion around the COX-2 promoter is responsible for low COX-2
expression in IPF fibroblasts, and that this low expression can
be reversed by treatment with HDIs (31). Although the effect
of SpA on fibroblast proliferation may be attributable to the
induction of COX-2, in previous studies, the induction of
COX-2 by HDIs was only observed when IPF fibroblasts were
also treated with exogenous IL-1b or TGF-b. This contrasts
with our work, which showed that SpA induced p21waf1 expres-
sion in the absence of exogenously added active TGF-b, sug-
gesting that the antiproliferative effect of SpA is unlikely to be
a consequence of increased COX-2 expression. However, be-
cause serum contains latent TGF-b, it would be of interest to
further explore the effects of SpA on COX-2 expression under
the conditions of our experiments, and the relationship of SpA
to p21waf1 expression.

SpA is potent inhibitor of Class I HDACs (21). The effects
of SpA on histone acetylation are slower but more prolonged
compared with the hydroxamic acid–based inhibitors, but this
does not compromise efficacy in terms of cell-cycle arrest or
the inhibition of cell proliferation (18). Washout experiments
also indicate that histone acetylation persists after the removal
of drug, which may by important in governing the potency
(or toxicity) of such compounds clinically. Consistent with this
result, we found a relatively slow onset of histone acetylation,
but histone acetylation persisted over several days, and the

antiproliferative effects of SpA were still evident after 1 week,
even after removal of the inhibitor. Previous studies looked at
the effects of two broad-spectrum Class I and II HDIs, TSA
and SAHA, on fibroblast proliferation. Guo and colleagues
(32) examined the effect of TSA on normal human dermal
fibroblasts. They found that TSA alone blocked the basal tran-
scription of collagen I and a-SMA, and it also markedly sup-
pressed induction of these genes by TGF-b1. However, the
concentration of TSA necessary to produce these inhibitory
effects was 200 nM, which is 20–50 times greater than the IC50

of SpA. Wang and colleagues (17) demonstrated that SAHA
had both antifibrotic and anti-inflammatory properties in normal
and IPF lung fibroblasts, where it abrogated TGF-b1–induced
effects, including differentiation into myofibroblasts expressing
a-SMA and collagen I. As with TSA, the concentration of
SAHA used (5 mM) was very high (i.e., 1,000 times higher than
the dose of SpA required to produce similar responses). Of
interest, we found that SpA exhibited some selectivity toward
IPF fibroblasts, in terms of its antiproliferative effect and sup-
pression of collagen III expression. However, it was overall a po-
tent inhibitor of both IPF and normal fibroblast responses. The
results of the present study and two previous studies demon-
strate that HDI can successfully inhibit the profibrotic effects
of TGF-b1 on fibroblasts. In addition, the antiproliferative effect
of SpA is consistent with the effect of SAHA (17). Thus, in both
cases, this appears to occur without inducing apoptosis or cyto-
toxicity, and we have extended these studies by showing the
induction of p21waf1 as the likely growth-inhibitory mechanism.
The dose of SpA required to induce these responses is signifi-
cantly lower than that of either TSA or SAHA, and the duration
of action is markedly longer.

Figure 5. Effects of SpA on inter-

stitial collagen expression. RNA
was isolated from IPF fibroblasts

treated without (solid bars) or with

(open bars) TGF-b1, and with the

indicated doses of SpA (A) or
10 nM SpA (B) for 48 hours. Col-

lagen III mRNA expression was

measured by quantitative RT-PCR

and calculated relative to the
housekeeping genes UBC/A2, us-

ing the DDCT method. Data in A

are expressed as fold stimulation

relative to the untreated control
sample, and represent means 6
SD (n ¼ 3 separate experiments),

using one IPF fibroblast cell line. Data in B were calculated as percent inhibition of gene expression by SpA compared with that seen in the absence
or presence of TGF-b1 alone, and are shown as means 6 SD from three IPF and three normal fibroblast lines (n ¼ 3 per subject). *P , 0.05, versus

corresponding control sample. **P , 0.01, versus corresponding control sample.

Figure 6. SpA diminishes TGF-b1–induced collagen pro-
duction. Three-dimensional pellet cultures were treated

without or with TGF-b1 and 62.5 nM SpA before fixing,

paraffin-embedding, and trichrome staining for collagen

expression. (A) Histochemical analysis of pellets cultured
under indicated conditions, where the binding of aniline

blue in Masson trichrome stain denotes the presence of

collagen (magnification, 340). (B) Release of soluble col-
lagen by cultured fibroblasts under the conditions indi-

cated was assessed at 72 hours, using Sirius red dye.

Data represent means 6 SD (n ¼ 3 individual experi-

ments). **P , 0.01, versus corresponding control sample.
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The “classic” HDACs (Classes I and II) are zinc metalloen-
zymes that catalyze the hydrolysis of acetylated lysine residues
and are characteristically inhibited by TSA. HDACs 1, 2, 3, and
8 belong to Class I, which contain a nuclear localization signal
and exert their function in the nucleus. HDACs 4, 5, 6, and 7 are
members of Class II, and shuttle between the nucleus and the
cytoplasm. Several studies have implicated Class II HDACs in
the control of myofibroblast and smooth muscle function. In adult
cardiac myocytes, Class II HDACs appear to play a key role in
the suppression of hypertrophy by binding to and suppressing the
activity of the transcription factor, myocyte enhancer factor 2
(33). In contrast, Class I HDACs are considered to play a prohy-
pertrophic role, although their relevant gene targets are less well
described (34). These studies suggest that Class I and II HDACs
play opposing roles in the control of hypertrophy, highlighting
the potential benefit of Class I HDAC-specific inhibitors as ther-
apeutic agents. In studies of dermal myofibroblast differentiation,
the silencing of HDAC8, HDAC4, or HDAC6 impaired TGF-
b1–induced a-SMA expression. Although the effect of HDAC8
silencing was not investigated further, the down-regulation of
HDAC4 was shown to suppress TGF-b signaling, suggesting that
HDAC4 is an essential epigenetic regulator of myofibroblast dif-
ferentiation. Because HDAC4 is a member of Class II, this ob-
servation appears to be inconsistent with our finding that SpA is
a potent inhibitor of myofibroblast differentiation. However,
HDAC4 has been shown to be enzymatically inactive when it
is not associated with Class I HDAC3 (35), which is a target
for SpA.

In many cancers, an overexpression of different HDACs has
been reported (36). For example, HDAC1 is overexpressed in
prostate cancer cells (37), and HDAC2 is commonly overex-
pressed in colorectal and gastric carcinomas (38). HDIs such
as SAHA (e.g., vorinostat and zolinza) and FK228 (e.g., romi-
depsin, a depsipeptide HDI structurally similar to SpA) are
already clinically approved as treatments for cutaneous T-cell
lymphoma and other cancers. The key features of their clinical
significance include their selective cytotoxicity against tumor
cells, while being relatively innocuous to normal cells, and their
effective activation of several molecular pathways to mediate
their antitumor effects (39). The data generated in the present
study support the potential for HDIs as novel treatments for
IPF. Like cancer, IPF is characterized by uncontrolled cellular
proliferation, and IPF involves a prognosis as poor as that for
many forms of lung cancer. The potency of SpA toward fibrotic
fibroblasts and its improved selectivity and duration of action
compared with SAHA suggest that it (or similar compounds
such as romidepsin) may have therapeutic potential. Although
we found that SpA also affected the proliferation of normal
lung fibroblasts, its effects appeared to be cytostatic rather
than cytotoxic, suggesting that quiescent fibroblasts in areas
of normal lung would be relatively unaffected by it. The ability
of SpA to reduce the uncontrolled proliferation of IPF fib-
roblasts and prevent their biosynthetic activity leads us to
conclude that SpA or similar compounds should be further
investigated for their potential use as a novel class of thera-
peutic agents for IPF.
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