
Acetylation of Heat Shock Protein 20 (Hsp20) Regulates
Human Myometrial Activity*□S

Received for publication, July 5, 2011, and in revised form, July 28, 2011 Published, JBC Papers in Press, July 29, 2011, DOI 10.1074/jbc.M111.278549
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Phosphorylation of heat shock protein 20 (Hsp20) by protein
kinase A (PKA) is now recognized as an important regulatory
mechanism modulating contractile activity in the human myo-
metrium. Thus agonists that stimulate cyclic AMP production
may cause relaxationwith resultant beneficial effects on pathol-
ogies that affect this tissue such as the onset of premature con-
tractions prior to term. Here we describe for the first time that
acetylation of Hsp20 is also a potent post-translational modifi-
cation that can affect humanmyometrial activity.We show that
histone deacetylase 8 (HDAC8) is a non-nuclear lysine deacety-
lase (KDAC) that can interact with Hsp20 to affect its acetyla-
tion. Importantly, use of a selective linkerless hydroxamic acid
HDAC8 inhibitor increasesHsp20 acetylationwith no elevation
of nuclear-resident histone acetylation nor marked global gene
expression changes. These effects are associatedwith significant
inhibition of spontaneous and oxytocin-augmented contrac-
tions of ex vivo human myometrial tissue strips. A potential
molecular mechanism by which Hsp20 acetylation can affect
myometrial activity by liberating cofilin is described and further
high-lights the use of specific effectors of KDACs as therapeutic
agents in regulating contractility in this smooth muscle.

In developed countries premature birth prior to 37 weeks
gestation accounts for nearly 75% of newborn deaths and is
related to a high risk for survivors of long-term physical or
mental disability (1). There are still no effective and safe thera-
peutic treatments for decreasing the incidence of premature
deliveries. Accordingly, an increased understanding of the
molecular mechanisms underlying myometrial activity is
required to aid in the development of new strategies for the
treatment of premature labor. To this end, recent evidence
indicates a novel role for post-translational modification by
acetylation in regulating myometrial activity. This was first
highlighted by the class I/II histone deacetylase inhibitors
(HDACIs)3 TSA, VPA, and SBHA effecting relaxations of

�60% to spontaneously or oxytocin-mediated contracting
human myometrial tissues ex vivo (2). Potential epigenetic
events resulting from increased histone acetylation seem to be
excluded due to the comparatively short time period observed
for contractile inhibition of 20–60 min. This pointed to the
above HDACIs having non-epigenetic effects involving in-
creased acetylation of lysine residues of protein components of
the myometrial contractile machinery. This possibility is sup-
ported by recent proteomic findings of Kim et al. (3) and
Choudhary et al. (4). They, respectively, showed that adminis-
tration of theHDACIs TSA/Sirtinol to HeLa or SAHA/MS-275
to leukemia MV4–11 cell cultures resulted in acetylation of a
range of non-nuclear proteins. Importantly, proteins involved
in regulating the cytoskeletal/filamentous architecture of cells
were observed to be acetylated. These included actin, cofilin,
14-3-3 as well as the heat shock family protein member Hsp27.
With respect to the latter, heat shock proteins such as Hsp27
and Hsp20 are well known actin-binding proteins in smooth
muscle cells (5, 6). Both of the above proteomic studies (3, 4)
also indicated that acetylation occurred in protein components
of large macromolecular complexes such as chromatin, micro-
tubules and, of relevance to the study presented here, the actin-
cytoskeleton. If largemacromolecule protein structures such as
the actin-cytoskeletonmay have the potential to bemodified by
acetylation then this would thus necessitate a role for both non-
nuclear histone acetyltransferases (HATs) and histone deacety-
lases (HDACs). Indeed we now know that HDAC function is
not restricted to the nucleus. HDAC6 can regulate cell motility
by destabilization of microtubules via reversible deacetylation
of non-nuclear tubulin in the cytoplasm of the cell (7) and also
the extent of microtubular-directed mitochondrial transport
(8). Similarly, HDAC4 can affect cardiomyocyte contractility by
binding to the z-disc protein MLP (9). Most importantly,
HDAC8 a class I HDAC family member able to deacetylate all
core histones in vitro (10, 11) and inhibited by TSA (10), has
recently been found to be a non-nuclear marker of smooth
muscle differentiation (12) and associates with smooth muscle
�-actin (�-SMA) (13). Therefore, HDAC8 may exhibit specific
intracellular localization within smoothmuscle cells and have a
major regulatory function in controlling their contractile
capacities. Interestingly, HDAC8 itself is a target of post-trans-
lational modification by PKA resulting in a decrease of its
activity (14). Because myometrial cyclic AMP-PKA signaling
components are known to be up-regulated during pregnancy
(15–17) this may potentially lead to increased HDAC8 phos-
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phorylation and its subsequent inhibition resulting in increased
acetylation of target proteins and maintenance of uterine
quiescence.
Consequently the purpose of the present study was to shed

light on the non-epigenetic mechanism(s) by which adminis-
tration of HDACIs, and resultant changes in protein acetyla-
tion, inhibited human myometrial contractility (2). We report
that HDAC8 is a non-nuclear protein that interacts with the
actin-binding proteins Hsp20 and cofilin. Administration of a
selective HDAC8 inhibitor alters Hsp20 acetylation and
reduces myometrial contractility. Finally, we deduce that a
novel, reciprocal regulatory arrangement exists between acety-
lation and PKA-directed phosphorylation that alters HDAC8/
Hsp20/cofilin function and, thereby, myometrial contractility.

EXPERIMENTAL PROCEDURES

Tissue collection, treatment of myometrial strips and cell
cultures, subcellular protein extraction of myometrial tissues
and cells, protein lysate preparation and SDS-PAGE, fluores-
cent immunocytochemistry, Western-blotting, and immuno-
precipitation used in the study are detailed in the supplemental
Materials and Methods (18–20).
In Vitro HDAC8 Activity Assay—In vitro activity of TSA and

Compound 2 in inhibiting HDAC8 was measured using the
HDAC8 Fluorometric Drug Discovery kit (Enzo Life Sciences)
according to the accompanying protocols detailed in the sup-
plemental Materials and Methods.
Myometrial Contractility Studies—Myometrial contractility

experiments employing the HDAC8 inhibitor Compound 2 are
detailed in the supplemental Materials and Methods (21).
Gene Chip Microarray Analysis—Gene microarray was

performed by ServiceXS (Netherlands) on the 12 sample
HumanHT-12 format of Ilumina BeadStation Platform.
Changes in gene expression profiles with TSA and Compound

2 comparedwith untreated controls were analyzed usingGene-
Spring GX 11 (Agilent). RNA isolation, Gene chip analysis and
statistical evaluation are detailed in the supplementalMaterials
and Methods.
Mass Spectrometry Identification of Proteins from Acetylated

�-Lysine Antibody Immunoprecipitations—Immunoprecipi-
tates were separated by SDS-PAGE, stained with colloidal Coo-
massie Brilliant Blue and bands to be identified were cut out
manually.Gel pieceswerewashed, destained, andproteinswere
reduced with DTT and alkylated with iodoacetamide, followed
by an in gel digest using elastase. The resulting peptides were
eluted using increasing concentrations of acetonitrile (MeCN),
reduced in volume and identified by reversed phase LCMSMS
on a Dionex Ultimate 3000 nano-HPLC system coupled to a
Thermo LTQ XL Orbitrap mass spectrometer. Peaklists were
generated from raw data files Proteome Explorer 1.1 (Thermo)
and the human subset of swissprot (2010.4) was searched using
X1Tandem through the gpm interface.

RESULTS

To determine whether HDAC8 had a similar role in the
human myometrium as detailed for the vasculature (12, 13),
myometrial cell cultures were separated into nuclear, cytoplas-
mic, and cytoskeletal protein fractions (non-nuclear), employ-
ing the procedure as detailed byWaltregny et al. (13), and sub-
jected to Western blotting with HDAC8, phosphorylated
HDAC8 (pHDAC8), HDAC1 (also a class I HDAC), lamin A/C
(a nuclear marker protein), and �-tubulin (a cytoplasmic/cyto-
skeletal marker protein) antibodies. HDAC8 and pHDAC8
were primarily localized in the cytoplasmic/cytoskeletal subcel-
lular regionwhereas HDAC1wasmainly present in the nucleus
(Fig. 1a). Such in situ localization of HDAC8 was confirmed by
immunofluorescent microscopy (Fig. 1b).

FIGURE 1. Intracellular localization of HDAC8 in human myometrial cells. a, localization of the HDAC1, HDAC8 and pHDAC8 in cytoplasmic/cytoskeletal
(non-nuclear) and nuclear extracts from NP myometrial cells. Purity of the individual fractions was monitored with antibodies to Lamin A/C (nuclear fractions)
and to �-tubulin (cytoplasmic/cytoskeletal) fractions. Ponceau S was used to stain gels for equal loading. b, immunofluorescent microscopy staining with the
HDAC8 antibody (green and indicated by red arrows) and DAPI (nuclei, blue and indicated by white arrows). Results were repeated in a further two individual
patient samples.
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Because Lee et al. (14) indicated that HDAC8was a substrate
for phosphorylation by PKA in HeLa cells, we next deter-
mined whether this was the case in human myometrium.
Cell cultures treated with forskolin, to activate adenylyl
cyclase, for 5–60 min resulted in increased phospho-
HDAC8 (pHDAC8) levels (Fig. 2a). Co-incubation of cells
with forskolin and the PKA inhibitor H89 for 60min resulted
in a substantial decrease in pHDAC8 levels whereas HDAC8
levels remained unchanged (Fig. 2b). Immunofluorescent
microscopy indicated that pHDAC8 is also mainly localized
in the cytoplasmic/cytoskeletal region of myometrial cells
(Fig. 2c). Similar localizations were found inmyometrial cells
of fresh ex vivo tissue biopsies. Note that for pHDAC8 there
were substantially higher levels observed in tissues of preg-
nant women (P) compared with tissues from non-pregnant
women (NP) (see Fig. 2d). This would seem to reflect the
increased cAMP and PKA activity reported from P tissues
(15–17). It may imply HDAC8 activity is decreased in com-
parison to NP tissues. Note that no change in expression
levels of total HDAC8 was observed in the cytosolic/cyto-
skeletal fractions between NP and P tissues.
HDAC8 expression in the cytoplasmic/cytoskeletal regions

of myometrial cells suggests it may interact with and modulate
components of the contractile machinery. To determine if this
occurred; immunoprecipitation assayswere initially carried out
to observe whether HDAC8 formed complexes with the two
main contractile proteins associated with smooth muscle cells
�-SMA andmyosin heavy chain (MHCh). Fig. 3a indicates this
to be the case and co-localization with these proteins was fur-
ther confirmed by immunofluorescent microscopy with
HDAC8, �-SMA, and MHCh antibodies (Fig. 3b).

The functional consequence of the interaction of HDAC8
with �-SMA and MHCh was further explored using treatment
of myometrial tissue strips with either TSA (a general class I/II
HDAC inhibitor) or a highly selective linkerless hydroxamic
acid HDAC8 inhibitor termed Compound 2 (22) (Fig. 4a). We
already indicated above that TSA can significantly inhibit both
spontaneous and oxytocin-induced myometrial contractions
(2). TSA actions arise by binding to two internal structural cav-
ities common to all class I/II HDACs (23, 24). In contrast, Com-
pound 2 (22) specifically inhibits HDAC8 activity by binding to
an internal groove within its structure which is unique to this
HDAC isoform (24). Initially an in vitro assay was employed to
determine the degree of inhibition by Compound 2 in compar-
ison to TSA. Dose-response data from these assays indicated
that Compound 2 inhibited HDAC8 activity by �64% at 100–
200 �M concentrations; whereas TSA gave rise to a 78.2% inhi-
bition at 3.3 �M (Fig. 4b). The higher concentrations of Com-
pound 2 (� 100 �M) required for inhibition in comparison to
TSA (1–5 �M) are likely as a result of having to access this
internal groove of HDAC8 (22, 24). Myography studies were
subsequently initiated to define the effect of Compound 2 on
contracting myometrium obtained from pregnant (P) non-la-
boring women. Treatment with Compound 2 reduced both
spontaneous and oxytocin-induced contractions for up to 1 h
(Fig. 5, a and b). It was important to determine whether Com-
pound 2 affected histoneH3 acetylation (as amarker of possible
epigenetic actions) and �-tubulin acetylation (as compound 2
has a weak efficacy toward the tubulin deacetylase HDAC6
(22)) in these tissues. No increase in aH3 or acetylated �-tubu-
lin levels were observed even after 24 h with Compound 2
whereas TSA caused significant increases in both proteins as

FIGURE 2. PKA phosphorylation of HDAC8 and cytoskeletal expression of pHDAC8 in myometrial cells. a, forskolin (FSK) (10 �M) treatment increased
phosphorylation of HDAC8 (pHDAC8) from 5– 60 min. HDAC8 staining was used as a control for total levels of expression. Data are expressed as mean � S.E. *,
p � 0.05, Students t test compared with control untreated cells, n � 4. b, co-treatment with FSK (10 �M) and the PKA inhibitor H89 (10 �M) for 60 min decreased
pHDAC8 levels with no change in total HDAC8 levels. Data are expressed as mean � S.E. *, n � 3. c, immunofluorescent microscopy staining of myometrial cells
with the pHDAC8 antibody (green and indicated by red arrows) and DAPI (nuclei, blue and indicated by white arrows). d, subcellular localization of pHDAC8 and
HDAC8 in NP and P tissues. Results were repeated in a further two individual patient samples.
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expected of a pan-class I/II HDAC inhibitor (Fig. 6, a and b).
Thus the relaxatory actions induced by Compound 2 were
unlikely to be due to either epigenetic affects on myometrial
gene/protein expression or by analogous actions on HDAC6.
Microarray analysis confirmed the assertion that little change
in gene expression occurred upon incubations with Compound
2 (expression of only 3 genes changed: tumor necrosis factor
receptor 6b, chemokine ligand 20 (CCL20) and the Duffy blood
group chemokine receptor (DARC)) in comparison to TSA
(Fig. 6c). The list of genes (736) whose expression changed via
TSA administration is provided as supplemental data S1.

The above findings indicated that one would expect inhibi-
tion of HDAC8 by Compound 2, or TSA, to give rise to an
increase in acetylated target proteins within non-nuclear
regions of myometrial cells. To maximize the opportunity to
identify proteins that were targets for acetylation, myometrial
strips from NP women were initially treated for 24 h with TSA
and protein lysates immunoprecipitated with anti-acetylated
�-lysine antibodies. Note that, as remarked upon above, myo-
metrial tissues from P women have elevated cAMP/PKA activ-
ities and these are associated with increases in pHDAC8 and,
one presumes, reduced activity of HDAC8. The likelihood of

FIGURE 3. Immunoprecipitation and co-localization of HDAC8 with �-SMA and MHCh. a, NP myometrial cell lysates were immunoprecipitated with the
HDAC8 antibody and control IgG sera and precipitated proteins subjected to Western blotting with �-SMA and MHCh antibodies. WB, positive control.
b, immunofluorescent microscopy staining showing co-localization of HDAC8 and cytoskeletal proteins. Panel I: HDAC8 antibody (green), �-SMA (red) DAPI
(nuclei, blue), and the overlay (yellow); Panel II: HDAC8 antibody (green), ��Ch (red) DAPI (blue), and the overlay (yellow). n � 4 individual patient samples.

FIGURE 4. TSA and Compound 2 inhibit HDAC8 activity in vitro. a, structure of TSA in comparison to the linkerless hydroxamic acid derivative Compound 2
(Comp 2). b, concentration response curve of HDAC8 activity as measured by an in vitro assay. Results are derived from three assays done in duplicate. TSA and
Comp 2 inhibited HDAC8 activity by 78.2 and 64.4% at 3.3 �M and at 100 –200 �M, respectively.

Acetylation of Hsp20 in Smooth Muscle

SEPTEMBER 30, 2011 • VOLUME 286 • NUMBER 39 JOURNAL OF BIOLOGICAL CHEMISTRY 34349

http://www.jbc.org/cgi/content/full/M111.278549/DC1


envisaging changes in acetylated substrates upon TSA treat-
ment therefore seemed greater for tissues fromNPwomen that
had less inhibitory influences of cAMP/PKA activity.
First, to ensure that TSA treatment resulted in acetylation of

protein lysates, the immunoprecipitates were probed with an
anti aH3 antibody. Fig. 7a indicates that TSA treatment
resulted, as anticipated, in the substantial accumulation of aH3
in the immunoprecipitates. Second, since HDAC8 immuno-
precipitates and co-localizes with �-SMA and MHCh (Fig. 3),
they represented potential targets for increased acetylation
upon inhibition of HDACs by TSA. Lysates immunoprecipi-
tated with a pool of three anti- acetylated �-lysine antibodies
were thus probed with �-SMA and MHCh. However, surpris-
ingly neither protein was precipitated indicating that they were
unlikely to be targets forHDAC8 activity (see supplemental Fig.
S1a). Thus the HDAC8 co-immunoprecipitation/co-localiza-
tion with �-SMA and MHCh (Fig. 3) likely occurred indirectly
via complexing with other protein components of the contract-
ilemachinery. Consequently, acetylated lysine immunoprecipi-

tates were probed further. Initially this was against calmodulin
andHsp27 antibodies since both proteins have been implicated
as important regulators of smooth muscle contractility and,
moreover, been found to be targets for acetylation in the non-
muscle studies of Kim et al. (3). Neither calmodulin nor Hsp27
appeared to be acetylated via TSA treatment of myometrial
strips (see supplemental Fig. S1b).
The closely related heat shock protein Hsp20 has also been

shown to be an important contractile regulator in the myome-
trium whereby it co-localizes with �-SMA and its phosphory-
lation by PKA promotes relaxation (25). Importantly, there is
evidence in airway smoothmuscle thatHsp20, when phosphor-
ylated by PKA, enacts a sequence of events resulting in the
dephosphorylation of cofilin (26, 27) and its increased binding
to F-actin (28, 29) and promotion of depolymerization at mem-
brane-associated dense bodies (30, 31). Phosphorylated cofilin
has been suggested to bind to the intracellular scaffolding pro-
tein 14-3-3 (28, 29) and stabilize F-actin filaments. PKA-phos-
phorylated Hsp20 (26, 27) has a binding domain for 14-3-3 (32)

FIGURE 5. Compound 2 inhibits spontaneous and oxytocin-induced myometrial contractility. Treatment with Compound 2 (100 �M) reduced both (a)
spontaneous and (b) oxytocin-augmented (2 nM) contractions for up to 1 h compared with vehicle-treated controls. Integrals for contractions were calculated
from three consecutive peaks (25–35 min). Data points on the graphs represent ratios of the integrals before and after treatment with vehicle or Compound 2.
Significant decreases in spontaneous and oxytocin induced contractions (Integrals) were observed upon treatment with Compound 2. (p � 0.05 Wilcoxon
matched pair test) due to significant decreases in peak amplitudes. The duration of contractions and half peak durations were not significantly changed. n �
5– 6 individual patient samples.
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that displaces phophorylated cofilin which enables it to then be
targeted by intracellular phosphatases. Such a scheme has
implicated roles for cofilin, 14-3-3 and Hsp20 in regulating
smooth muscle cell contractility. Cofilin and 14-3-3 were also
identified as substrates for acetylation in the non-muscle cell
studies of Kim et al. (3) and Choudhary et al. (4). As such,
acetylated lysine immunoprecipitates of human myometrial
tissues were also probed with antibodies specific to these pro-

teins. Neither cofilin nor 14-3-3 appeared to be acetylated by
TSA treatment of myometrial strips for 24 h (see supplemental
Fig. S1b). However, acetylated Hsp20 was observed in the
immunoprecipitate by Western blotting (Fig. 7b) and this
observation was confirmed using electrospray mass spectrom-
etry (see supplemental data S2 and supplemental Fig. S2). Note
that the Millipore anti-Hsp20 antibody employed here and in
the assays below predominantly recognizes a band of mass 20
kDa. A smaller band �18 kDa is also recognized by this anti-
body, which remains to be identified butmay represent another
acetylated protein present in human myometrial tissues that is
immunoprecipitated by the acetylated �-lysine antibodies.

Immunoprecipitates on tissue lysates were carried out to
determine the efficacy of Compound 2 and forskolin in acety-
lating Hsp20 in comparison to TSA. Either Compound 2 or
forskolin 24h treatment ofmyometrial strips resulted in immu-
noprecipitation of acetylated Hsp20 being observed. (Fig. 8a,
see also supplemental Fig. S3a for replicate treatment with
Compound 2 and forskolin). Treatments did not change total
levels of Hsp20 (Fig. 8a, boxed insert). To define that inhibition
of HDAC8 activity was involved in the increased acetylation of
Hsp20, the same tissue lysates were immunoprecipitated with
theHDAC8antibody andWestern blots probedwith theHsp20
antibody. In each instance HDAC8 was observed to precipitate
Hsp20 (Fig. 8b, see also supplemental Fig. S3b for replicate

FIGURE 6. The effect TSA and Compound 2 on acetylation of histone H3/�-tubulin and myometrial gene expression. Treatment of P myometrial strips
with TSA (3.3 �M) increased levels of (a) acetylated histone H3 (aH3) and (b) acetylated �-tubulin after 3 h and 24 h treatment. Compound 2 (Comp 2) (100 �M)
did not affect acetylation of either of these proteins. GAPDH staining was used as a loading control. Data are expressed as mean � S.E. *, p � 0.05, Student’s t
test TSA compared with control and Comp 2. n � 5 individual patient samples. c, P myometrial strips were incubated in the presence or absence of Compound
2 (Comp 2) (100 �M) or TSA (3.3 �M) for 24 h and mRNA extracted and subjected to gene microarray analysis. A heat-map of genes that change with Compound
2 (Comp 2) and TSA treatment compared with control is shown as well as the number of genes that change with Compound 2 (Comp 2) and TSA treatment
normalized to the control. (n � 4 individual patient samples).

FIGURE 7. Acetylated lysine antibodies immunoprecipitate Hsp20 in TSA-
treated tissues. NP myometrial strips were treated with TSA (3.3 �M) for 24 h,
and protein lysates subjected to immunoprecipitation with a pool of 3 acety-
lated �-lysine antibodies and then Western blotting with (a) an acetylated H3
(aH3) antibody and (b) an Hsp20 antibody. Note for the third replicates in (b)
lanes were run on the same gel but were non-contiguous (line). WB, positive
control. Note that the Millipore Hsp20 antibody also recognizes a nonspecific
(NS) band of 18 kDa.
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treatment with Compound 2 and forskolin). Treatments did
not change total levels of HDAC8 (Fig. 8b, boxed insert).
As previously stated, NP tissues have lower cAMP/PKA

activity levels in comparison to P tissues (15–17) which could
affect HDAC8 phosphorylation (see Fig. 2d) and thus its activ-
ity. This would be reflected by the amount of acetylated Hsp20
protein that could be precipitated. Consequently more acety-
latedHsp20 should be observed in P compared withNP tissues.
To determine this was the case a comparison was made
between NP and P acetylated lysine immunoprecipitates. Here
substantiallymore acetylatedHsp20was precipitated in P com-
pared with NP tissues (Fig. 8c, see also supplemental Fig. S3c).
Immunoprecipitation of NP and P tissue lysates with the
HDAC8 antibody and probing the precipitates with the Hsp20
antibody showed that increased Hsp20 acetylation in P tissues
was associated with binding of HDAC8 (Fig. 8d, see also sup-
plemental Fig. S3d). However, control Westerns with the
Hsp20 and HDAC8 antibodies indicated that substantially
more Hsp20 was expressed in P compared with NP tissue
lysates whereas HDAC8 levels remained unaltered between the
two tissue types (Fig. 8, c and d, boxed inserts). This indicated
that precipitation of acetylated Hsp20 and binding to HDAC8
in P compared with NP tissues is also dependent on the level of
expression of Hsp20 but not on the degree of expression of
HDAC8. To further confirm that Hsp20 is susceptible to acety-
lation in the myometrium we generated a rabbit polyclonal

antibody against a peptide sequence derived from Hsp20 that
encompassed acetylated lysine160 (see Fig. 9a). Employing this
Hsp20-Ac-Lysine160 antibody inWestern blotting of NP and P
tissues confirmed that Hsp20 is indeed acetylated and that
acetylated Hsp20 is highly expressed in P compared with NP
myometrial tissues (Fig. 9b). Thus correlating with the
increased expression of total levels of Hsp20 in these tissues
(Fig. 8, c andd). Pre-incubation of the antibodywith the cognate
peptide indicated specificity for acetylated Hsp20 (Fig. 9c).
Because HDAC8 forms a complex with Hsp20 and the latter

potentially can interact with 14-3-3 to displace cofilin, it is pos-
sible that HDAC8 may also form complexes with either 14-3-3
and/or cofilin in themyometriumwithout affecting their acety-
lation. To determine this, NP tissue strips treatedwith forskolin
were immunoprecipitated with the HDAC8 antibody and pre-
cipitates probed with the 14-3-3 and cofilin antibodies. No
immunoprecipitates were observed with 14-3-3 but HDAC8
was observed to immunoprecipitate cofilin (Fig. 10a) thus
implicating formation of a HDAC8/Hsp20/cofilin complex. No
change in total cofilin levels was observed between the tissues
(Fig. 10a, boxed insert). To determine if similar complexes were
formed in P tissues where cAMP/PKA activity is high, lysates
from both NP and P tissues were immunoprecipitated with the
HDAC8 antibody and Westerns carried out with the cofilin
antibody. Here cofilin was observed to immunoprecipitate with
HDAC8 in P comparedwithNP tissues (Fig. 10b). No change in

FIGURE 8. Acetylation of Hsp20 involves inhibition of HDAC8 in myometrial tissues. a, NP tissues were treated in the absence or presence of Compound
2 (Comp 2) (100 �M), TSA (3. 3 �M), and forskolin (FSK) (10 �M) for 24 h and lysates immunoprecipitated with a pool of 3 acetylated �-lysine antibodies with the
appropriate IgG sera control and then Western blotting with the Hsp20 antibody. Boxed insert below indicates total Hsp20 protein levels in the tissues. b,
treated NP tissue lysates as in (a) were immunoprecipitated with the HDAC8 antibody and then subjected to Western blotting with the Hsp20 antibody. Lanes
were run on the same gel but were non-contiguous (line). Boxed insert below indicates total HDAC8 protein levels in the tissues. Replicates of treatments with
Compound 2 and forskolin in (a) and (b) are also shown. Here, lanes were run on the same gels but were non-contiguous (lines). Further data is provided in
supplemental Fig. S3, a and b. c, NP and P tissue lysates were immunoprecipitated with a pool of 3 acetylated �-lysine antibodies and subjected to Western
blotting with the Hsp20 antibody. Boxed insert below indicates total Hsp20 protein levels in the tissues. Lanes were run on the same gel but were non-
contiguous (line). Replicates of (c) are also shown. Further data is provided in supplemental Fig. S3c. d, NP and P tissue lysates were immunoprecipitated with
the HDAC8 antibody and subjected to Western blotting with the Hsp20 antibody. Boxed insert below indicates total HDAC8 protein levels in the tissues. Further
data are provided in supplemental Fig. S3d. Note that the Millipore Hsp20 antibody also recognizes a nonspecific (NS) band of 18 kDa.
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total cofilin levels was observed between the tissues (Fig. 10b,
boxed insert).
In airway smooth muscle Komalavilas et al. (26) indicated

that phosphorylation of Hsp20 by PKA resulted in displace-
ment of phosphorylated cofilin from 14-3-3 followed by
dephosphorylation by specific phosphatases. This was moni-
tored as a reduction in phosphorylated cofilin employing a spe-
cific phospho-cofilin antibody. Because HDAC8/Hsp20/cofilin
complexes are formed in the myometrium and inhibition of
HDAC8 results in increased acetylated Hsp20 levels; the possi-
bility existed that acetylatedHsp20 behaves in a similarmanner
to phosphorylated Hsp20 in decreasing phosphorylated cofilin
levels. To test this premise NP myometrial tissue strips were
incubated with H89 to inhibit PKA so as to limit the possibility
of phosphorylated Hsp20 reducing levels of phosphorylated
cofilin. These strips were then incubated in the presence or
absence of either TSA or Compound 2 and the level of phos-
phorylated cofilinmonitored. BothTSA andCompound 2were
observed to decrease phospho-cofilin levels after 1 h (Fig. 10c)
and 5 h (Fig. 10d) treatments, with no changes in total cofilin
levels being detected. These data would seem to indicate that
acetylation of Hsp20, independent of its phosphorylation state,
can increase levels of dephosphorylated cofilin.

DISCUSSION

It is now recognized that phosphorylation of Hsp20 by PKA
plays an important role in regulating myometrial smooth mus-
cle contractility (25). We now show for the first time that
acetylation of Hsp20 is another post-translation modifica-
tion (PTM) with the potential to affect the contractile
machinery within the human myometrium. Our data indi-

cate that phosphorylation and acetylation of Hsp20 appear
to be independent processes regulating Hsp20 activity. How-
ever both PTMs may be affected by a common signaling
pathway in that the increased PKA activity observed during
pregnancy (15–17) not only stimulates Hsp20 phosphoryla-
tion but also its acetylation as a result of inhibition of
HDAC8, a component of the acetylation mechanism.
With respect to HDAC8, this lysine deacetylase (KDAC) is

primarily situatedwithin the cytoplasmic/cytoskeletal region of
myometrial cells. This is in contrast to HDAC1, traditionally
assigned with HDAC8 to be a class I HDAC, which is localized
mainly in the nucleus. Importantly we show that HDAC8 is
phosphorylated by PKA and that pHDAC8 is also principally
expressed in the cytoplasmic/cytoskeletal region ofmyometrial
cells. pHDAC8 levels are elevated in Pmyometrial tissues indic-
ative of the high PKA activity in comparison to non-pregnant
tissues. Our use of tissues from both NP and P women has tested
the effectiveness of the pan-HDAC inhibitor TSA and a selective
HDAC8 inhibitor Compound 2 in affecting acetylation of Hsp20
as well as the functional consequence of this PTM onmyometrial
contractility. In vitro, both TSA and compound 2 substantially
inhibit HDAC8 activity although apparently via different struc-
turalmechanisms.Of interest, acetylationofHsp20andbindingof
HDAC8 appears to beminimal in control, non-treatedNP tissues
compared with P tissues. This may indicate that inhibition of
HDAC8byPKAandTSA/Compound 2 results in greater interac-
tion withHsp20 and the observed increase in its acetylation when
NP tissues are treated. In this context we also provide evidence
indicating that the lysine160 residuewithinHsp20 is acetylated and
that acetylated Hsp20 is more highly expressed in P compared

FIGURE 9. Hsp20 is acetylated on the lysine 160 residue and is highly expressed in P compared with NP tissues. a, amino acid sequence of Hsp20
indicating the phosphorylation (S-Serine16) and potential acetylation (K-Lysine81,91,160) sites within the protein. The Hsp20-Ac-Lysine160 antibody was raised
against a peptide sequence containing amino acids 155–160 of human Hsp20 that encompassed acetylated lysine160 and used at 1:3,000 dilution. b, Western
blotting with the Hsp20-Ac-Lysine160 antibody indicates that the lysine160 residue is acetylated in the myometrium and that acetylated Hsp20 is highly
expressed in P compared with NP tissues. c, no bands were observed when the Hsp20-Ac-Lysine160 antibody was pre-incubated for 1 h with the cognate
peptide (40 �g/ml) to which it was raised prior to Western-blotting of NP and P tissues; thus indicating specificity of the 20 kDa band seen in b. d, control
Western blotting with the Millipore Hsp20 antibody (see Table 1) confirmed increased total Hsp20 expression levels in P compared with NP tissues. e, Western
blots were re-probed with the GAPDH antibody as a loading control. For b– e, samples were run on the same gels but were non-contiguous (lines). For b and c,
P tissues were probed with the Millipore Hsp20 antibody as a positive control. Note that the Millipore antibody also recognizes a nonspecific (NS) band of 18
kDa. Data were obtained from three individual NP and P patient samples.
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with NP tissues; which correlates with the observed increase in
total levels of expression of Hsp20 in these tissues. At present it
remains to be elucidated whether lysine81 and lysine91 within
Hsp20 are also susceptible to acetylation.
Employing P myometrium in myography studies, we show

that Compound 2 can inhibit both spontaneous and oxytocin
induced contractions even though these tissues have presum-
ably highPKAactivity andHsp20 levelswhichwould inherently
dampen contractility. The inhibitory effect of this selective

HDAC8 inhibitor was not associated with an increase in aH3 or
major changes in gene expression. Similarly no change in �-tu-
bulin acetylation was observed indicating that the effects of
Compound 2 did not involve changes in activity of HDAC6.
The specificity of Compound 2 and similar linkerless hy-
droxamic derivatives (33) in inhibiting HDAC8 may thus have
potential as novel therapeutics in preventing the onset of pre-
mature contractions; although a caveat to be overcome is the
high concentrations required.
Because acetylation tends to occur in large macromolecular

complexes (3, 4) it is important to note that Hsp20 and Hsp27
also exist in smoothmuscle cells inmacromolecular complexes
ranging from dimers to multimers of 500–700 kDa (34). These
complexes are dynamically regulated by protein kinases such as
PKA, which phosphorylates serine 16 within Hsp20 (26–28). It
would thus seem likely that macromolecular complexes of
Hsp20within themyometriumare also regulated by acetylation
of lysine residues within Hsp20.
Our data indicated that HDAC8 interacts with both �-SMA

and MHCh however we were unable to immunoprecipitate
either protein with acetylyated lysine antibodies following
treatment of tissues with HDAC8 inhibitors. Moreover since
�-SMA forms a complex with Hsp20 in the human myome-
trium as detailed by Tyson et al. (25) it seems most probable
that the localization of HDAC8 at myosin-actin filaments
results from the formation of complexes of HDAC8/Hsp20/�-
SMA/MHCh at these sites. This may thus implicate a function
for acetylated Hsp20 in modulating tension within these struc-

FIGURE 10. Inhibition of HDAC8 results in immunoprecipitation with cofilin and a decrease in p-cofilin levels. a, immunoprecipitation of lysates from NP
myometrial strips treated with forskolin (FSK) (10 �M) for 24 h with the HDAC8 antibody and subjected to Western blotting with a cofilin antibody. Boxed insert
below indicates total cofilin protein levels in the tissues. b, immunoprecipitation of lysates from NP and P myometrial strips with the HDAC8 antibody and
subjected to Western blotting with a cofilin antibody. Boxed insert below indicates total cofilin protein levels in the tissues. Replicates of a and b are also shown.
IgG, negative control sera. WB, positive control. c and d, H89 (10 �M) treated NP myometrial strips were incubated with or without TSA (3.3 �M) and Compound
2 (Comp 2) (100 �M) for 1 h and 5 h, respectively and protein lysates subjected to Western blotting with a p-cofilin antibody and a cofilin antibody to monitor
total cofilin levels. Lanes in c were run on the same gel but were non-contiguous (line). Results were derived from three individual patient samples and are
expressed as mean � S.E. *, p � 0.05, Student’s t test H89/TSA and H89/Comp 2 compared with H89 controls.

TABLE 1
Antibodies used in the study

Antibody Source WB dilution
ICC

dilution
co-IP

(�g/reaction)

14-3-3� Abcam 1:2,000 – 2
Rabbit Ac-Lys ImmuneChem 1:2,000 – 2
Rabbit Ac-Lys (9441) Cell Signaling – – 1
Mouse Ac-Lys (9681) Cell Signaling – – 1
Ac-H3 (06–599) Upstate 1:10,000 – –
�-SMA (A2547) Sigma 1:105 1:20,000 1
�-tubulin Sigma 1:10,000 – –
Ac-�-tubulin (T7451) Sigma 1:10,000 – –
Ac-H3 (06–599) Millipore 1:10,000 – –
Calmodulin (05–173) Millipore 1:7,500 – –
Cofilin S. Cruz 1:3,000 – –
Phospho-Cofilin Abcam 1:3,000 – –
GAPDH (sc-25778) S. Cruz 1:2000 – –
HADC1 (ab7028) Abcam 1:2,000 – –
HDAC8 (ab39664) Abcam 1:2,500 1:100 3
Phospho-HDAC8 Abcam 1:500 1:100 –
Hsp20 (07–490) Millipore 1:10,000 – 2
Hsp27 (06–478) Millipore 1:20,000 – 2
IgG rabbit (ab46540) Abcam – – 2
IgG mouse (12–371) Millipore – – 2
Lamin A/C Cell Signaling 1:5,000 – –
MHCh Sigma 1:5,000 1:100 –
acLys160 CRB 1:3,000 – –
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tures (20, 35, 36) An alternative mode of action of Hsp20
involves the displacement of phospho-cofilin from the scaffold-
ing protein 14-3-3 upon phosphorylation of Hsp20 by PKA
(26–28, 36) with the subsequent release of cofilin affecting
actin depolymerization. Here we indicate that acetylation of
Hsp20may act in a similarmanner (see Fig. 11 formodel). First,
we show that HDAC8/Hsp20/cofilin complexes are formed
when NP tissues are treated with forskolin. This treatment not
only stimulates acetylation of Hsp20 by inhibiting HDAC8 but
also its phosphorylation via increased PKA activity. Impor-
tantly we show that these complexes are also formed in P tis-
sues. Second, we show that acetylation of Hsp20 alone can
decrease levels of phospho-cofilin when NP tissues are treated
with TSA or Compound 2 in the presence of the PKA inhibitor
H89. In conclusion we have identified Hsp20 as a target for
acetylation and provide evidence for a role for acetylation of
Hsp20 in regulating the release of cofilin with its subsequent
effects on actin filament dynamics and thus myometrial
activity.
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FIGURE 11. Model of Hsp20 phosphorylation and acetylation regulating
myometrial actin dynamics. a, phosphorylation of Hsp20 by protein kinase
A (PKA) results in displacement of p-cofilin from 14-3-3 with subsequent
dephosphorylation by phosphatases such as “sling shot” resulting in libera-
tion of cofilin, which influences the depolymerization of actin at membrane-
associated dense bodies. b, acetylation of Hsp20 may act independently or in
conjunction with phosphorylation to further modulate actin filamental
dynamics. P, phosphorylation, Ac, acetylation.
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