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Sodium butyrate inhibits platelet-derived growth
factor-induced proliferation and migration in pulmonary
artery smooth muscle cells through Akt inhibition
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Sodium butyrate (BU) is a molecule that acts as a histone deacetylase inhib-
itor. As compared with its well-known antineoplastic/antiproliferative
effects, little is known about BU action on vascular cell dynamics. An
imbalance of proliferation and migration in pulmonary arterial smooth
muscle cells (PASMCs) is essential in the onset and progression of
pulmonary arterial hypertension (PAH), a disease that is characterized by
vascular lung derangement and that frequently has an unfavorable outcome.
Here, we show that, in PASMCs of PAH rats, BU counteracted platelet-
derived growth factor (PDGF)-induced Ki67 expression, and arrested the
cell cycle, mainly at Go/G;. BU decreased proliferating cell nuclear antigen,
c-Myc and cyclin D1 transcription and protein expression, while increasing
p21 expression. BU reduced the transcription of PDGF receptor-p, and that
of Ednra and Ednrb, two major receptors in PAH progression. Wound
healing, migration and pulmonary artery ring assays indicated that BU
inhibited PDGF-induced PASMC migration. BU strongly inhibited PDGF-
induced Akt phosphorylation, an effect reversed by the phosphatase inhibi-
tor calyculin A. BU-treated cells showed a remarkable increase in acetylated
Akt, indicating an inverse relationship between the levels of acetylated Akt
and phospho-Akt. These findings may provide novel perspectives on the use
of histone deacetylase inhibitors in PAH.

Introduction

Pulmonary arterial hypertension (PAH) is defined as a
group of diseases characterized by a progressive
increase in pulmonary vascular resistance leading to
right ventricular failure and premature death [1]. All
types of PAH are characterized by abnormalities of
pulmonary vascular biology in each compartment of
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the blood vessels. The lumen has a prothrombotic
diathesis, and the endothelium shows excessive
production of vasoconstrictors relative to vasodilators,
as well as an increase in mitogenic mediators [2].
Proliferation and migration are two important features
in PAH, and both smooth muscle cells and fibroblasts
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contribute to ‘neointima’ formation, leading to vascu-
lar occlusion [3].

Within numerous signaling cascades governing
pulmonary arterial smooth muscle cell (PASMC)
proliferation and migration in vascular remodeling, the
platelet-derived growth factor (PDGF) pathway plays
a pivotal role [4]. Tyrosine kinase inhibitors such as i-
matinib have been shown to possess reverse remodel-
ing potential in preclinical models of pulmonary
hypertension by inducing apoptosis and blocking
proliferation [5]. These observations prompt the need
to focus on the development of causal treatments tar-
geted to the normalization of the vessel structure and
morphogenesis, rather than simply making use of the
vasodilating action of already existing compounds. To
this end, histone deacetylase (HDAC) inhibitors are
known as a class of anticancer agents that are able to
arrest cell proliferation and promote cell differentia-
tion or apoptosis [6-8]. At the molecular level, they
cause reactivation of epigenetically silenced genes by
finely tuning histone acetylation. Furthermore, it is
evident that the growth-inhibitory effect of HDAC
inhibitors is reflected in the transcriptional control of
several cell cycle regulators [9]. Among HDAC inhibi-
tors, sodium butyrate (BU) is widely reported to have
many cytoprotective, chemopreventive and chemother-
apeutic activities, mainly through the arrest of cell
proliferation, induction of apoptosis or stimulation of
cell differentiation by selectively altering gene expres-
sion. Accordingly, Ranganna et al. showed that BU
inhibited vascular smooth muscle cell proliferation by
affecting the gene expression of a large number of
both positive and negative growth regulators, ulti-
mately causing growth arrest in vascular smooth
muscle cells [10]. Recently, HDAC inhibitors were also
found to suppress hypoxia-induced cardiopulmonary
remodeling through an antiproliferative mechanism
[11]. Because of their antiproliferative and antimigrato-
ry effects, HDAC inhibitors have also been widely
studied in cancer and in atherosclerotic diseases,
whereas their specific actions in PAH have long
remained unexplored. Very recently, Zhao et al.
reported that protein levels of HDACI and HDACS
were elevated in patients with idiopathic PAH, and
that HDAC inhibitors were able to mitigate the devel-
opment of hypoxia-induced pulmonary hypertension in
rats, and exerted antiproliferative effects on human
and animal vascular cells in culture [12]. Nevertheless,
the intimate molecular mechanisms underlying the
HDAC inhibitor action on PAH PASMC proliferation
and signaling remain to be largely unraveled. Given
this lack of knowledge, this study was designed to
explore whether BU modulates the proliferative action

Butyrate blocks PASMC proliferation and migration

of PDGF beta homodimer in PASMCs isolated from
rats with monocrotaline (MCT)-induced PAH, and
whether, if this is so, HDAC inhibitors may also regu-
late the interplay between PDGF and Akt signaling, a
major orchestrator of proliferative responses.

We provide evidence that BU acted transcriptionally
in PAH PASMCs, downregulating the expression of
PDGR receptor-f (PDGFR), as well as the gene and
protein expression of major growth regulatory players.
The resulting antiproliferative action was mediated by
inhibition of Akt signaling by protein phosphatase
(PP)1. The BU-mediated reduction in the phosphory-
lated state of Akt also involved a remarkable increase
in its acetylation, highlighting a previously undefined
role for cytosolic Akt acetylation/deacetylation in the
proliferative/migratory patterning of PAH PASMCs.

Results

Cell proliferation in PASMCs isolated from
healthy and MCT-treated rats

The proliferative effect of increasing concentrations of
PDGF was comparatively assessed in PASMCs iso-
lated from healthy and MCT-treated rats. As expected,
both cell populations started to proliferate when fresh
medium with PDGF (1, 5 or 20 ng-mL~") was added
after starvation. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphe-
nyl-tetrazolium bromide (MTT) analysis revealed that
the increase in proliferation induced by the growth
factor occurred dose-dependently over a period of
120 h, and in a time-dependent fashion up to 48 h,
probably because the effect of PDGF decreased after
this time. After 48 and 120 h of PDGF exposure (5
and 20 ng-mL™"), proliferation was significantly more
enhanced in MCT PASMC:s than in cells isolated from
control healthy animals (Fig. 1A), reflecting the well-
known in vivo condition of the disease [13].

BU inhibited PDGF-induced proliferation in
healthy and MCT PASMCs without affecting cell
viability

In PAH PASMCs, BU dose-dependently counteracted
the PDGF effect after 24 h of treatment, with cell
proliferation remaining lower than that detected in cells
cultured in the absence of the growth factor throughout
the overall observation period. However, as 25 and
50 mm BU, as well as another HDAC inhibitor tested,
0.5 um Trichostatin-A (TSA), depressed cell viability
(Fig. 1B), the subsequent experiments were conducted
in the presence of 5 mm BU, corresponding to its physi-
ological concentration [14]. Such a concentration
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Fig. 1. Proliferation and apoptosis in PDGF-treated PASMCs. (A) MTT at 24, 48 and 120 h, using a scale concentration of PDGF (n = 4).
Significance versus healthy cells is shown. (B) MTT at 24, 48 and 120 h, using a scale concentration of BU (n=5) and 0.5 um TSA.
Significance versus stimulated cells (PDGF) is shown. (C) Pl and AV double labeling. Data are expressed as percentage of living cells
(AV~/PI7), early apoptosis (AV*/PI7), and late apoptosis/necrosis (AV*/PI*) (n = 5). Significance versus stimulated cells (PDGF) is shown.
Statistical analysis: ANOVA with Bonferroni post hoc test. Significance: *P < 0.05, **P < 0.01, ***P < 0.001. Ctr, control.

proved to be effective in inhibiting PDGF-induced pro-
liferation in both healthy (Fig. 1A) and PAH PASMCs
(Fig. 1A,B), without affecting cell viability. Moreover,
the antiproliferative effect of BU was elicited to the
same extent in both healthy and PAH cells (Fig. 1A).

Given the similar antiproliferative effect of BU in
both cell populations, and considering the stronger
proliferative response of PAH PASMCs than of
healthy cells to PDGF (Fig. 1A), results from the
molecular dissection of BU/PDGF patterning in these
PAH cells are presented.

Annexin V (AV)-fluorescein isothiocyanate and pro-
pidium iodide (PI) staining revealed that the percentage
of PAH PASMCs in early apoptosis (AV ™' /PI7) was
not affected by BU (Fig. 1C). Furthermore, the per-

centage of cells in late apoptotis or undergoing necrotic
death (AV™"/PI") was not altered by BU (Fig. 1C). In
contrast, TSA treatment induced significant increases in
both early apoptosis (AV™/PI7) and late apoptotis/
necrotic death (AV'/PI") as compared with cells
exposed to PDGF alone (Fig. 1C).

BU arrested the cell cycle in PAH PASMCs

Immunofluorescence analysis showed that, following
24 h of PDGF treatment, 52 £+ 7.96% of PASMCs
expressed the proliferation marker Ki67, whereas the
presence of 5 mMm BU substantially counteracted the
growth factor effect, decreasing the percentage of Ki67-
positive cells (24 + 3.84%) to a value similar to that
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observed in the control group (17 £ 5.72%) (Fig. 2A,
B). Similarly, cell cycle analysis (Fig. 2C) revealed that
PDGEF stimulation significantly decreased the percentage
of quiescent cells (G1/Gy) and increased the number of
cells in the proliferative state (S + G,/M), as compared
with the control group. BU arrested the PASMC cell
cycle mainly by blocking the transition throughout Gy/G;
and S, thus increasing the number of quiescent cells.

Tritiated thymidine ([’H]Tmd) incorporation con-
firmed a reduction in DNA synthesis in BU-treated
cells (Fig. 2D).

BU-induced ultrastructural features of quiescent
cells

Transmission electron microscopy (TEM) analysis
showed that control PASMCs had the appearance of
very thin, bipolar spindle-like elements, with extremely
long cytoplasmic projections. This ultrastructure

remained unaltered when cells were treated with a
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combination of BU and PDGF, whereas plump spin-
dle-like morphology was observed in the presence of
PDGEF alone (Fig. 3A). Consistent with these morpho-
logical observations, the number of mitotic nuclei was
similar between the control group and PASMCs con-
comitantly exposed to PDGF and BU, despite a
remarkable increase in the mitotic figures in cells
exposed to the growth factor alone (Fig. 3B,C).
Morphometric analysis of silver-stained nucleolar
organizer regions (AgNORs) was used to evaluate the
nucleolar/nuclear area (na/Na) ratio. Nucleoli within
the PASMC nuclei showed intense dark staining with-
out any counterstaining (Fig. 3E). Quantitative mor-
phometric analysis revealed that the mean na/Na ratio
normalized to the control was increased after PDGF
treatment. In contrast, in the presence of BU, the
mean na/Na ratio decreased as compared with control
quiescent cells (Fig. 3D). Similar results were obtained
with electron microscopy, where nucleoli were revealed
through their characteristic substructure (Fig. 3F).
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Fig. 2. BU reduced PDGF-induced proliferation of PAH PASMCs. (A) Immunofluorescence of the proliferation marker Ki67 (red); nuclei were
counterstained with 4',6-diamidino-2-phenylindole (blue); merged images are reported in the lower panels. (B) Quantification of Ki67 staining;
results are expressed as percentage of positive cells normalized to the number of nuclei. (C) The percentage of cells in Go/G4, S and Go/M
phases of the cell cycle were determined by cytofluorimetric analysis after Pl staining (n = 3). (D) DNA contents were estimated by [°H]Tmd
incorporation. Data are expressed as c.p.m. normalized to total protein content (c.p.m./protein) (n = 5). Statistical analysis: ANOVA with
Bonferroni post hoc test. Significance versus stimulated cells (PDGF): *P < 0.05, **P < 0.01, ***P < 0.001. Ctr, control.
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Fig. 3. Ultrastructural, histological and morphometric analysis of PASMCs. (A) TEM analysis at 24 h of treatment. Scale bars: 5 um. (B)
Representative images of pelleted cells used to count mitosis after hematoxylin and eosin staining. Original magnification: x25. Scale bars:
50 um. (C) Quantitative analysis of the total number of mitoses for each condition. *P < 0.05. (D) Results of morphometric analysis of
AgNOR proteins are expressed as mean na/Na ratio normalized to control. *P < 0.05. (E) PASMCs selectively stained for the AgNOR
proteins. Original magnification x25. Scale bars: 50 um. (F) Ultrastructural features of PASMC nucleoli (indicated by arrows). Nucleus (N);

nucleoli (Nu). Scale bars: control (Ctr), 2 um; PDGF and BU, 5 um.

BU regulated PASMC proliferation at both the
gene and protein expression levels

Gene expression analysis showed that BU acted at the
transcriptional level in PASMC proliferation, respec-
tively decreasing or increasing the gene expression of
important positive or negative cell cycle regulators.

None of these genes was affected within the first 3 h
of treatment (data not shown). However, after 6 h of
BU exposure, proliferating cell nuclear antigen
(PCNA), c-Myc and cyclin D1 expression levels were
significantly decreased as compared with exposure
to PDGF alone (Fig. 4A). At the same time, the
expression levels of the negative regulators p21 and
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Fig. 4. BU acted at the gene and protein expression levels. (A) Gene expression analysis of positive (c-Myc, PCNA, and cyclin D1) and
negative (p21 and p15) regulators after 6 h of treatment. (C, D) Gene expression analysis of the crucial signaling receptors PDGFRp1,
TGFBR1, KDR, Ednra and Ednrb after 6 h (C) and 24 h (D) of treatment. Real-time PCR data were normalized to GAPDH and B-actin
housekeeping genes, and expressed as relative fold change of PDGF + BU as compared with PDGF treatment (n = 5). Statistical analysis:
ResT 2009 (Qiagen). Significance versus stimulated cells (PDGF): *P < 0.05, **P < 0.01, ***P < (0.001. (B) Immunoblotting analysis of
positive (c-Myc, cyclin D1, and PCNA) and negative (p21 and p27) regulators of the cell cycle after 8 h of treatment. The images shown are

representative of five independent experiments.

pl5 were significantly increased as compared with
PDGF exposure (Fig. 4A). After 24 h of treatment
with BU, only PCNA gene expression was still
decreased (data not shown). At the protein expression
level, treatment with HDAC inhibitor decreased c-Myc,
cyclin D1 and PCNA expression after 8 h (Fig. 4B). At
the same time, p27 expression was not affected, whereas
p21 expression was increased (Fig. 4B).

BU differentially affected the gene expression of
crucial signaling receptors

As early as 3 h after the start of treatment, BU signifi-
cantly reduced the gene expression of PDGFRp as
compared with PDGF treatment (data not shown), the
maximal transcriptional decrease being reached after
6 h (Fig. 4C). At 24 h of treatment, BU downregulat-
ed the transcription of genes encoding Ednra and
Ednrb (Fig. 4D), two G-protein-coupled receptors of
the ET-1 family that are deeply involved in PAH
progression [15]. Conversely, BU did not affect trans-
forming growth factor-f receptor-1 (TGFBR1) gene
expression, whereas it increased the transcription of

FEBS Journal 280 (2013) 2042-2055 © 2013 The Authors Journal compilation © 2013 FEBS

KDR, a major vascular endothelial growth factor
receptor (Fig. 4C,D).

BU inhibited PDGF-induced migration

Two different migration assays were used to evaluate
the effect of BU on PDGF-induced migration of PAS-
MCs. First, we examined the effect of 5 mm BU on
cell migration with a wound healing migration assay
(Fig. 5A,B). Starved PASMCs were exposed to PDGF
for 16 h in the absence or presence of BU. At the end
of the incubation time, the wound was inflicted, and
migration was monitored. At each investigated time
point, the presence of BU substantially counteracted
the migratory action of PDGF, even at late times
(1624 h), when cells solely exposed to the growth fac-
tor were induced to completely cover the wound area.
The area of migration was calculated after 6 h
(Fig. 5B) in order to reduce any effect resulting from a
proliferation process. To confirm the inhibitory effect
of BU on PDGF-induced migration, we performed
pulmonary artery ring assays. In this model, starting
from 6 days, PDGF induced progressive sprouting of
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Fig. 5. BU inhibited PDGF-induced migration of PASMCs. (A) PASMCs stained with crystal violet at 6 h of migration. The interrupted line
indicates time zero. (B) Quantitative results of wound healing assay (n = 6); the measure was obtained from the difference between the
migration area after 6 h and the initial area of the wound. Statistical analysis: ANOVA with Bonferroni post hoc test. Significance:
**P < (0.01, **P <0.001. (C) Pulmonary artery rings included in semisolid medium. The images shown are representative of five

independent experiments. Ctr, control.

the pulmonary artery that was completely arrested by
BU throughout a period of 12 days (Fig. 5C).

BU-mediated inhibition of proliferation and
migration was elicited by blocking the Akt
pathway

It is well known that PDGF promotes cell prolifera-
tion by activating the Akt pathway. Interestingly, Akt
phosphorylation was induced by the growth factor
after 1 h of treatment, even in the presence of BU and
TSA (Fig. 6A). However, after 7 h of treatment in the
presence of the HDAC inhibitors, the phosphorylation
of Akt at Ser473 was strongly reduced, and this effect
was maintained for up to 24 h (Fig. 6A). The phos-
phoinositide 3-kinase (PI3K) inhibitor LY294002 com-
pletely suppressed Akt activation, and consequently
counteracted the stimulatory effects of PDGF on

proliferation (Fig. 6B) and migration (Fig. 6C). Con-
versely, no additive effect of BU and LY294002 was
observed.

BU and PDGEF finely tuned Akt acetylation and
phosphorylation

We investigated whether BU may have inhibited
PDGF-induced Akt activation through a deacetylase
inhibitory action.

In agreement with previous studies [16], Akt was
found to be endogenously acetylated. Whereas basal
acetylation was not affected by PDGF, protein expres-
sion analysis revealed that, after 7 h, a time point at
which BU elicited significant downregulation of phos-
phorylated Akt, BU-treated cells also showed a
remarkable increase in the level of acetylated Akt
(Fig. 7A). Time course analysis also revealed that
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Fig. 6. BU affected the Akt pathway. (A) Time course of phospho-Akt(Ser473) (P-Akt), and total Akt, in PASMCs treated with PDGF in the
presence or absence of BU or TSA; untreated cells were used as a control. Representative blots from nine independent experiments are
shown. (B) Quantification of Ki67 staining after 24 h in the presence or absence of the PI3K inhibitor LY294002. Results are expressed as
percentage of positive cells normalized to the number of nuclei. (C) Quantification of migration area after 6 h of migration in the presence or
absence of the PI3K inhibitor LY294002. Statistical analysis for (B) and (C): ANOVA with Bonferroni post hoc test. Significance: *P < 0.05,

**P < 0.01, ***P < 0.001.

BU-mediated acetylation was already evident at 1 h, a
time point at which Akt was still phosphorylated
(Fig. 7B).

BU-mediated inhibition of Akt signaling was
dependent on calyculin A-sensitive protein
phosphatase activity

We next investigated whether the ability of BU to
downregulate Akt phosphorylation may result from
facilitation of Akt dephosphorylation by a mechanism
involving PPs. To this end, we used two well-known
inhibitors with distinct specificities for phosphatases:
okadaic acid, which is selective for PP2A at low con-
centrations (< 100 nm) [17,18], and calyculin A, which
does not discriminate between PP1 and PP2A [19].

Calyculin A restored Akt phosphorylation in
BU-treated cells at 7 h (Fig. 7C), whereas okadaic acid
was ineffective, suggesting preferential involvement of
PP1.

Discussion

Despite significant advances in the elucidation of the
genetic basis for some patients, and despite progress in
PAH therapy, the prognosis remains poor. The current
treatment strategy, optimized in recent guidelines [20],
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Fig. 7. BU acts through phosphatase activity. (A) Akt
immunoprecipitation (IP) after 7 h of treatment with PDGF and BU;
immunoblotting analysis of acetyl-lysine and Akt. (B) Comparison
between the phospho-Akt(Ser473) level before (Total lysate) and
after immunoprecipitation with antibody against acetyl-lysine in
cells at 1 h of treatment with PDGF and BU. Representative blots
from five independent experiments are shown. (C) Immunoblotting
for phospho-Akt(Ser473) and total Akt after 7 h of treatment.
Calyculin A and okadaic acid were added 1 h before the treatment
to inhibit the phosphatase activity. The blots are representative of
six independent experiments.
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remains inadequate. In fact, the mortality rate contin-
ues to be high, and the functional and hemodynamic
impairments are still extensive in many patients. Prior
to the advent of modern therapies, the life-expectancy
for adults with idiopathic PAH was 3 years from diag-
nosis; for children, it was 10 months [21]. The specific
drugs approved for PAH are able to slow the progres-
sion of the disease, but cannot be considered to be a
cure for the majority of patients [1].

Within this context, the development of treatments
that may afford reverse remodeling of the vascular
architecture and biology in PAH would have relevant
biomedical implications. HDAC inhibitors are recog-
nized as being promising for handling cell growth
and differentiation. Nevertheless, apart from their use
in cancer patients with both solid and liquid tumors,
the potential exploitation of HDAC inhibitors in
complex vascular diseases such as PAH has long
remained elusive, and has started only very recently
[11,12].

Here, we provided evidence that BU was able to
control, at both the gene and protein expression levels,
multiple positive and negative regulators of prolifera-
tion in PASMC:s isolated from PAH rats.

Inhibition of PASMC proliferation in response to
PDGF could be achieved at physiological BU
concentrations that did not impair cell viability. It is
noteworthy that BU was able to downregulate the
gene expression of PDGFRp and the transcription of
Ednra and Ednrb, as well as PASMC migration and
PDGF-induced vessel sprouting from the pulmonary
artery, of PAH animals. These findings further support
the hypothesis that the action of this HDAC inhibitor
occurs at multiple interconnected levels of the molecu-
lar processess that impact on PASMC biology and
PAH progression.

BU-mediated inhibition of PDGF-induced prolifera-
tion and migration was associated with a remarkable
reduction in Akt phosphorylation after 7 h, an effect
that was also achieved in the presence of TSA. These
inhibitory effects were mimicked by the PI3K inhibitor
LY294002, with no additive effect of BU, indicating
that the antiproliferative/antimigratory action of BU
was mediated by Akt dephosphorylation. The ability
of the phosphatase inhibitor calyculin A to rescue Akt
phosphorylation in the presence of BU and PDGF
strongly suggests that phosphatase-mediated dephos-
phorylation of Akt may be a major underlying mecha-
nism of HDAC inhibitor action.

Failure to restore Akt phosphorylation by okadaic
acid, which is selective for PP2A at low concentrations
[17,18], suggests major involvement of PPl as com-
pared with PP2A.

S. Cantoni et al.

Further insights into the mechanism(s) regulating
the BU-mediated phospho-Akt—phosphatase interplay
can be obtained from the BU effect on Akt acetyla-
tion. Our data show that BU enhanced the level of
acetylated Akt, concomitantly with phosphatase inhibi-
tor-relievable dephosphorylation of the kinase. On the
one hand, these observations raise the issue of investi-
gating which histone acetyltransferase(s), or HDAC—
acetyltransferase interplay, may be responsible for the
fine-tuning of Akt acetylation. On the other hand, the
BU effect suggests that HDAC inhibition may have
blocked HDAC-phosphatase interaction(s), thus pro-
moting the release of phosphatase and its subsequent
association with Akt, its acetylated form being more
prone to phosphatase binding. Such a hypothesis is
consistent with previous observations showing that
HDAC inhibitors can disrupt the interactions of
HDAC1 and HDAC6 with PP1 in human glioblas-
toma cells, resulting in the formation of a PP1-Akt
complex and inhibition of kinase activity [22], and that
Akt deacetylation promotes its phosphorylation and
activation [16].

Although HDAC inhibitors are well known to
induce chromatin plasticity and remodeling [23],
acetylation of nonhistone proteins has been demon-
strated to modulate protein functions by altering their
stability, cellular localization, and protein—nucleotide/
protein—protein interactions. Well-characterized tar-
gets of nonhistone acetylation include important cel-
lular factors such as p53, nuclear factor-xB, p65,
CREB-binding protein, p300, STAT3, tubulin, posi-
tive cofactor 4, GATA factors, nuclear receptors, c-
Myec, hypoxia-inducible factor-la, FoxO1, heat-shock
protein-90, high-mobility group factors, E2F, MyoD,
Ber-Abl, the FLT3 kinase, and c-Raf kinase [24-26].

Our results indicate an intriguing interplay between
HDACs, PP(s), and Akt acetylation/deacetylation. In
this respect, acetylation and deacetylation of histones
and nonhistone proteins increasingly appear to be reg-
ulated through multifaceted interrelated networks and
epigenetic modification, the overall plan remaining
mostly enigmatic [27] and still awaiting further clarifi-
cation. Although additional studies are required to dis-
sect the intimate mechanism(s) of the effects of HDAC
inhibitors on Akt dynamics and the patterning of
other nonhistone proteins, the present findings on the
action of BU highlight a new role for an old molecule:
its ability to behave as a fine-tuner of a crucial protein
kinase involved in cell survival, proliferation, and
memory. From such a viewpoint, BU can also be con-
ceived as a multiple-target molecule, paving the way to
novel perspective(s) in the clinical use of HDAC inhib-
itors in PAH.
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Experimental procedures

Ethics statement

Animal use was approved by the Bioethics Committee of
the University of Bologna, in compliance with Direc-
tive 2010/63/EU of the European Parliament. Animals
received food and water ad libitum, and were housed under
controlled conditions of light and temperature (23-25 °C).

Cell isolation and culture conditions

Adult male Sprague-Dawley rats (body weight of 200-250 g;
Harlan Laboratories, Indianapolis, IN, USA) were subjected
to a subcutaneous injection of 60 mgkg ' MCT (Sigma-
Aldrich, Indianapolis, IN, USA); saline was used for
untreated rats (sham) [13]. MCT was dissolved in 1 m HCI,
and 1 M NaOH was added to neutralize the solution. After
28 days, all rats were anesthetized in a CO,/O, mixture, and
subsequently killed by cervical dislocation. Intrapulmonary
arteries were isolated and cleaned of connective tissue under
a stereoscopic microscope. The isolation of PASMCs from
both healthy and PAH animals was performed with a modi-
fication of a previously described method [28]. The tissue was
digested at 37 °C for 20 min in DMEM containing
250 U-mL~! collagenase type I (Sigma-Aldrich). Fetal bovine
serum (10%) was added to stop the reaction, and the
digested pieces were placed into Petri dishes containing fresh
complete medium and allowed to rest for 1 week.

Cells were cultured in complete medium consisting of
high-glucose DMEM supplemented with 10% fetal bovine
serum, 100 UmL™! penicillin, 100 pgmL~! streptomycin
and 4 mm L-glutamine (all reagents from Lonza, Basel, Swit-
zerland) at 37 °C in a humidified atmosphere of 5% CO..

For all experiments, PASMCs were starved on the day
after seeding with medium containing a lower percentage of
serum (0.5% fetal bovine serum). After 24 h, cells were
induced to proliferate and migrate by replacing starvation
medium with fresh medium containing 20 ng-mL~' PDGF
beta homodimer (PeProtech, Rocky Hill, NJ, USA). BU
and TSA were added concurrently with the growth factor,
and the inhibitors, such as 25 um LY294002, 1 pum calycu-
lin A, and 5 nMm okadaic acid (all from Sigma-Aldrich),
were administered 1 h before the treatment. PASMCs from
the third to the fourth passages were used for all studies.
All experiments were repeated at least five times, unless
otherwise mentioned.

Cell proliferation and viability

Cell proliferation was evaluated with the MTT-based Cell
Growth Determination Kit, according to the manufac-
turer’s instructions (Sigma-Aldrich). Briefly, MTT solution
was added to each well at the end of treatment and incu-
bated for 2 h. The converted dye, insoluble purple forma-
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zan, was solubilized overnight by adding 10% SDS in a
10 mm HCI solution [29] directly to the well. Data were
collected at 570 nm with a multiwell plate reader (Dynex
Technology, Chantilly, VA, USA).

For cell death detection, double labeling with PI and AV
was carried out with an AV-Fluos staining kit, according to
the manufacturer’s instructions (BD, San Diego, CA, USA).
At least 10 000 events were recorded with the aid of
FACSAria (BD). After the appropriate markings for the neg-
ative and positive populations had been set, the percentages
of AV™/PI™ (living cells), AV /PI" (early apoptosis) and
AV™"/PI" (late apoptosis, necrosis) staining were determined.

Immunofluorescence

PASMCs were seeded (5000 cells per cm?), starved, and
treated with molecules in low-serum medium. After 24 h,
cells were washed with NaCl/P; and fixed in methanol for
10 min. Permeabilization and saturation were performed
with 0.1% Triton for 15 min and 5% BSA (Sigma-Aldrich)
in NaCl/P;P, respectively, for 1 h. NaCl/P; added with
0.05% Tween-20 (Sigma-Aldrich) was used for washes. Pri-
mary monoclonal mouse antibody for Ki67 (Novocast, El
Carmen, Mexico) and the secondary antibody AlexaFlu-
or555-conjugated goat anti-mouse IgG (Invitrogen, Carls-
bad, CA, USA) were suspended in 1% BSA and incubated
at 37 °C for 1 h. Nuclei were labeled with 4’,6-diamidino-2-
phenylindole (10 ng-mL~") for 15 min.

Cell cycle and DNA content

The cell cycle distribution was determined after PI staining;
the samples were prepared with a two-step method reported
elsewhere [30]. Briefly, cells were centrifuged for 5 min at
800 g, and 2 x 10° cells were resuspended in 1 mL of solu-
tion I (584 mgL™! NaCl, 1139 mgL™' sodium citrate,
10 mg-L~! RNase, and 0.3 mL-L~! Nonidet P-40). After | h
on ice, 1 mL of solution IT (15 gL' citric acid, 85 gL'
sucrose, and 50 mg-L~" PI) was added, and the samples were
briefly vortexed. PI fluorescence forward scatter and side
scatter of cell suspensions were used to assess the cell cycle
distribution of cells (10 000 events) by flow cytometry.

To evaluate the DNA content of cells, incorporation of
[PH]Tmd was performed with a modification of a previously
described method [31]. Briefly, the 'H]Tmd (1 pCi-mL™")
was added during the last 4 h of the incubation time (24
and 48 h). The acid-precipitable fraction, obtained by the
use of 10% trichloroacetic acid, was dissolved in 0.3 mL of
0.5 M NaOH and neutralized with 30 pL of 5 m HCI (all
from Sigma-Aldrich). Liquid scintillation ULTIMA Gold
uLLT (PerkinElmer, Waltham, MA, USA) was added, and
the radioactivity was measured (5 min per sample) with a
Packard Tri-Carb 2100TR scintillation counter. The radio-
activity of the samples was expressed as counts per minute
(c.p.m.), and normalized to total protein content.
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Gene expression analysis

Total RNA was isolated with an RNeasy Micro Kit
(Qiagen, Diisseldorf, Germany), according to the manufac-
turer’s instructions. For RT-PCR, ¢cDNA was synthesized
in a 20-pL reaction volume with 1 pg of total RNA and
SuperScript III RT (Invitrogen). To assess the indicated
genes, 0.2 ug of cDNA was used for real-time RT-PCR
performed with a Lightcycler system (Roche Diagnostics,
Mannheim, Germany) and with the SYBR Green fast start
kit (Lightcycler FastStart DNA MasterPLUS SYBR
Green I). Qiagen quantitect primers were used in real-time
RT-PCR: cdkn2b (pl5), kdr, tgfbrl, actb, gapdh, pcna,
ednra, pdgfrb, ednrb, myc, cdknla (p21), and cdknlb
(p27). For each primer, a melting curve analysis was per-
formed, and real-time PCR efficiency was calculated. Data
were normalized by using glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) and -actin as an index of cDNA
content after reverse transcription. Results were analyzed
and related plots were created with Relative Expression
Software Tool (ResT 2009 V2.0.13; Qiagen) [32].

SDS/PAGE and western blotting

Protein samples were prepared and immunoblots were ana-
lyzed as previously described [33]. Briefly, cells were lysed
with M-PER extraction buffer supplemented with 1 mm
phenylmethanesulfonyl fluoride, protease, and phosphatase
inhibitor cocktail (Sigma-Aldrich). Lysates were subjected
to SDS/PAGE and transferred to polyvinylidene mem-
branes. After blocking, the membranes were probed over-
night at +4 °C with primary antibodies. Rabbit anti-cMyc,
rabbit anti-Akt, rabbit anti-phospho-Akt(Ser473) mouse
anti-acetyl-lysine (all from Cell Signaling, Danvers, MA,
USA), mouse anti-actin, mouse anti-cyclin D1 (both from
BD), mouse anti-p27, rabbit anti-p21, and mouse anti-
PCNA (all from Santa Cruz Biotechnology Inc., Santa
Cruz, CA, USA). The membranes were then incubated for
1 h at room temperature with secondary antibodies conju-
gated to horseradish peroxidase: goat anti-rabbit IgG (Cell
Signaling) or goat anti-mouse IgG (BD). Bound antibodies
were detected with the use of Immobilon Western HRP
Chemiluminescent Substrates (Millipore, Billerica, MA,
USA), and quantified by densitometry. The intensities of
phosphoprotein or protein bands were normalized to that
of the corresponding total protein, or housekeeping
protein, as indicated in the figures and legends.

Electron microscopy

The ultrastructural features of PASMCs were investigated
by TEM. To preserve the natural morphology, cells were
immediately washed and fixed in Karnowsky fixative (2%
glutaraldeyde and 4% formaldeyde in 0.1 m phosphate
buffer) directly in the culture plate for 20 min at room
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temperature. After mechanical removal, the cells were pel-
leted, fixed for a further 24 h with the same fixative at
4 °C, and processed for TEM analysis. Samples were
rinsed in NaCl/P;, postfixed in 1% buffered osmium
tetroxide for 1 h at room temperature, dehydrated through
graded ethanol, and embedded in Araldite resin. Serial
semithin sections were stained with Toluidine blue. Ultra-
thin sections were counterstained with uranyl acetate and
lead citrate, and observed in a Philips 400T (FEI Com-
pany, Milan, Italy) transmission electron microscope.

Mitosis analysis

For conventional histological analysis, pelleted cells were
fixed in 10% buffered formalin and embedded in paraffin;
4-pm-thick sections were stained with hematoxylin and
eosin, and viewed in a light microscope with Image-Pro
Plus 6 (Media Cybernetics, Silver Spring, MD, USA).
Images were digitalized through a video camera (JVC
3CCD video camera, KY-F55B; Yokohama, Japan) con-
nected to a Leitz Diaplan light microscope (Wetzlar, Ger-
many). Each sample was entirely digitized with a x40
objective [final magnification x400 = high-power field
(HPF)]. The mitotic index was calculated by counting the
number of mitoses per HPF.

Nucleolar organizer region silver staining and
morphometric analysis

AgNOR staining and quantification were carried out to
evaluate proteins associated with the nucleolar organizer
regions. Cells seeded on glass slides were fixed in 2% para-
formaldehyde in NaCl/P; supplemented with 1% Tri-
ton X-100. After being washed in distilled water, samples
were stained with silver for 15 min at 37 °C in the dark with
a solution of one volume of 2% gelatin in 1% aqueous for-
mic acid, and two volumes of 50% silver nitrate. After being
washed, cells were finally dehydrated and mounted in a syn-
thetic medium with no counterstaining. AgNOR analysis
was carried out with IMAGE-PRO PLUS, as previously reported
[34]. For each experimental condition, AgNOR intensely
stained nucleolar and nuclear areas of at least 60 nuclei were
measured, and the results were expressed as mean na/Na
ratio normalized to control.

Wound healing assay

For scratch wound assays, confluent cells were starved and
stimulated with PDGF in the absence or presence of BU.
Untreated cells were used as a control. After 16 h, cell lay-
ers were wounded with a 200-puL. micropipette tip, the float-
ing cells were washed away with starvation medium, and
wound closure was monitored by phase microscopy for
24 h. To exclude the proliferation effect, the time point
utilized for measurement of migration was 6 h. At this
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time, cells were fixed with methanol for 10 min and stained
with 0.1% crystal violet solution in 25% methanol for
30 min. The area of migration was determined for quantita-
tive assessment with Nis-ELEMENTS D3.2 (Nikon, Tokyo,
Japan) software, and compared with the wound area at time
zero.

Pulmonary artery ring assay

Pulmonary arteries were removed from rats receiving MCT
(60 mgkg™!) as described above, and immediately trans-
ferred to a 50-mL tube containing 40 mL of ice-cold,
serum-free DMEM. The fibroadipose tissue was carefully
removed, and artery rings were sectioned (1 mm), and
rinsed extensively in three consecutive washes of DMEM.
The rings were embedded in 0.3 mL of Cultrex BME (Tre-
vigen, Gaithersburg, MD, USA), and the 48-well plates
were incubated at 37 °C for 30 min to harden the semisolid
medium. Then, 0.3 mL of treatment medium was added to
each well, and the cultures were kept at 37 °C in a humidi-
fied environment, and fed every 3 days. Time zero, 3-day,
6-day and 10-day cultures were photographed with an
inverted optical microscope equipped with a digital sight
camera (Nikon).

Immunoprecipitation assay

For the immunoprecipitation analysis, cells were dissolved in
M-PER extraction buffer supplemented with 1 mm phen-
ylmethanesulfonyl fluoride, protease, and phosphatase inhib-
itors (Sigma). Cell extracts were centrifuged at 10 000 g for
10 min at 4 °C, and supernatants were incubated for 1 h
with antibody against Akt or acetyl-lysine (Cell Signaling)
and immunoprecipitated overnight at 4 °C with protein
A/G-Agarose (Santa Cruz), according to the manufacturer’s
instructions. The beads were then isolated by centrifugation
(1000 g for 5 min at 4 °C), and washed five times with
M-PER buffer.

Samples were eluted in 2x loading buffer and boiled for
S min to dissociate the immunocomplexes from the beads.
Immunoprecipitates were separated by SDS/PAGE fol-
lowed by immunoblotting. The blots were probed with
antibodies against total Akt, phospho-Akt, and acetyl-
lysine.

Statistical analysis

Significant differences among various groups were deter-
mined by ANOVA followed by an appropriate post hoc
test, or with a two-tailed, unpaired Student’s r-test. Values
were expressed as mean + standard error of the mean from
three to nine independent experiments. Differences at
P <0.05 and P <0.01 were considered to be statistically
significant and extremely significant, respectively.
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