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Abstract
The transcription factor CREB is diminished in smooth muscle cells (SMCs) in remodeled,
hypertensive pulmonary arteries (PAs) in animals exposed to chronic hypoxia. Forced depletion of
CREB in PA SMCs stimulates their proliferation and migration in vitro. PDGF produced in the
hypoxic PA wall promotes CREB proteasomal degradation in SMCs via PI3Kinase/Akt signaling,
which promotes phosphorylation of CREB at two casein kinase 2 (CK2) sites. Here we tested whether
thiazolidinediones, agents that inhibit hypoxia-induced PA remodeling, attenuate SMC CREB loss.
We found that the thiazolidinedione rosiglitazone prevented PA remodeling and SMC CREB loss in
rats exposed to chronic hypoxia. Likewise, the thiazolidinedione troglitazone blocked PA SMC
proliferation and CREB depletion induced by PDGF in vitro. Thiazolidinediones did not repress Akt
activation by hypoxia in vivo or by PDGF in vitro. However, PDGF induced CK2 α′ catalytic subunit
expression and activity in PA SMCs, and depletion of CK2 α′ subunit prevented PDGF-stimulated
CREB loss. Troglitazone inhibited PDGF-induced CK2 α′ subunit expression in vitro and
rosiglitazone blocked induction of CK2 catalytic subunit expression by hypoxia in PA SMCs in vivo.
We conclude that thiazolidine-diones prevent PA remodeling in part by suppressing upregulation of
CK2 and loss of CREB in PA SMCs.
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Introduction
Hypoxia-induced pulmonary hypertension (PH) observed in chronic obstructive pulmonary
diseases such as emphysema and chronic bronchitis, and sleep-related alveolar hypoventilation
disorders (1) is a major cause of morbidity and mortality. There has been a doubling of PH and
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increased death rate from this set of diseases in the past two decades. Despite major advances
in the treatment of severe cardiopulmonary conditions, PH remains a deadly disease that is
largely unresponsive to current treatment regimens.

Hypoxia-induced PH is characterized by profound structural remodeling of the PA wall due
in large part to the proliferation, migration, and hypertrophy of PA SMCs and adventitial
fibroblasts. The most important changes involve the remodeling of thin-walled intermediate
size arteries and small arterioles to thickened walled “resistance vessels” which are believed
to have the greatest impact on pulmonary vascular resistance (2). Remodeling of these arteries
is characterized by medial thickening as the result of SMC proliferation, hypertrophy, and
extracellular matrix (ECM) deposition. In response to injury, normally quiescent SMCs switch
to a proliferative and synthetic phenotype as demonstrated by an increase in DNA synthesis
and production of ECM components (3).

Changes in SMC phenotype reflect the action of extracellular signals and intracellular signaling
systems that regulate biochemical processes and the expression of genes that regulate growth.
Hypoxia elicits changes in SMC phenotype via a variety of mechanisms including induction
of Ca2+ influx (4,5), and the production of reactive oxygen species by SMCs (6–10).
Importantly, hypoxia, like other vascular insults, stimulates the expression of growth factors
including PDGF-BB and IGF-1 (11,12), VEGF (12), TGF-β, endothelin-1 (11,12), and
thrombos-pondin-1 (12) that modulate SMC phenotype.

These remodeling pathways are normally restrained in healthy arteries due to the low level of
growth factor and cytokine production in healthy arterial walls. In addition, vasodilatory agents
such as prostacyclins and NO exert antiproliferative effects on SMCs by increasing intracellular
levels of cyclic nucleotides (13), which stimulate the activity of protein kinases A and G (PKA
and PKG). There is now substantial evidence that cAMP/PKA signaling acts as a molecular
gate to block MAP kinase induced proliferation in response to mitogens like PDGF (14,15).
Cyclic AMP signaling in SMCs has also been shown to decrease the expression of cyclin D1
and Cdk2 (16), and increase the expression of antiproliferative molecules like p53 and p21
(17).

The transcription factor CREB is a target for cAMP/PKA signaling and the primary regulator
of gene transcription in response to elevated cAMP levels. Therefore, we hypothesized that
CREB might regulate PA SMC phenotype. In testing this hypothesis we found that
phosphorylated (P-CREB) and total CREB levels were reduced in SMCs treated with PDGF-
BB or exposed to hypoxia, but elevated in quiescent cells (18). These data were confirmed in
studies of lung and PA tissue samples from adult rats and neonatal cows raised under hypoxic
conditions to produce PH. Total CREB content was reduced in actin positive SMCs
surrounding remodeled, hypertensive vessels. Subsequent studies revealed that ectopic
expression of wild type and constitutively active CREB isoforms in isolated PA SMCs inhibited
their proliferation under basal conditions or in response to PDGF-BB (18). These CREB
isoforms also attenuated PDGF-stimulated migration, but dominant negative CREBs enhanced
PDGF-stimulated migration (18).

In more recent studies we found that siRNA-mediated depletion of CREB inhibited the
expression of several SMC markers including SM-myosin, calponin, and fibronectin (19).
Cyclin D1 expression, and DNA synthesis were upregulated by CREB depletion. CREB siRNA
also increased intracellular elastin production and deposition of extracellular elastin fibers, a
hallmark of dedifferentiated or immature SMCs. The changes induced by loss of CREB are
consistent with the changes in SMC phenotype noted in PH and other vascular pathologies
including decreased expression of SMC markers, elevated SMC cell cycle entry and DNA
synthesis, and enhanced extracellular matrix deposition. These data implicate CREB in the
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regulation of SMC phenotypic regulation, and link CREB to PA remodeling in hypoxia-
induced PH.

In a separate series of experiments we investigated whether thiazolidinediones (TZDs),
agonists of the transcription factor peroxisome proliferator-activated receptor γ (PPARγ),
would prevent or reverse PA remodeling induced by chronic hypoxia. These studies were based
on the ability of TZDs to prevent arterial remodeling and vasoconstriction in the systemic
vasculature (20–26). We reported that PA remodeling was reduced in rats exposed to hypoxia
and simultaneously treated with the TZD rosiglitazone (ROSI). ROSI treatment also blocked
muscularization of distal pulmonary arterioles, and reversed remodeling and
neomuscularization in lungs of animals previously exposed to chronic hypoxia.

Here we test the hypothesis that TZDs suppress PA remodeling and PA SMC phenotypic
modulation, in part, by preventing the loss of CREB induced by hypoxia or PDGF. The data
demonstrate that ROSI prevents CREB depletion and PA remodeling in rats exposed to chronic
hypoxia. Likewise, ROSI blocks CREB loss and PA SMC proliferation induced with PDGF-
BB in culture. Loss of CREB in response to PDGF is due to increased expression of CK2
catalytic subunit, which is increased in the PA media of animals exposed to chronic hypoxia.
ROSI prevents upregulation of CK2 catalytic subunit and thereby prevents CREB depletion
by hypoxia or PDGF.

Methods
Materials

Recombinant human PDGF-BB was purchased from Bachem (King of Prussia, PA) and
LY294002 was obtained from Cayman Chemicals (Ann Arbor, MI). CellTiter 96 AQ Non-
Radioactive Cell Proliferation Assay kits were from Promega (Madison, WI) and
oligofectamine was obtained from Invitrogen (Carlsbad, CA). SuperSignal West Pico
Chemiluminescent Substrate and NE-PER Nuclear and Cytoplasmic Extract Reagents were
from Pierce (Rockford, IL). Dulbecco’s Modified Eagle’s Medium (DMEM) was from
Hyclone (Logan, UT) and Optimem was from Gibco/Invitrogen. AlexaFluor 555-conjugated
goat anti-rabbit secondary antibody was from Molecular Probes (Eugene, OR). Mouse
monoclonal anti-ubiquitin antibody, and rabbit polyclonal antibodies to CREB were from Cell
Signaling Technology, Inc. (Beverly, MA). Goat polyclonal anti-phospho-Akt-1/2/3
antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA). Rat monoclonal anti-BrdU
antibody was purchased from Abcam (Cambridge, MA) and a rabbit polyclonal antibody to
CK2 α and α′ catalytic subunits for immunohistochemistry was purchased from Bethyl
Laboratories, Inc. (Montgomery, TX). A CK2 α/α′ rabbit polyclonal antibody for western
blotting was from BD Bioscience (San Jose, CA). The CK2 Protein Kinase Assay Kit, 5-
bromo-2′deoxyuridine (BrdU) and troglitazone were from Sigma (St. Louis, MO). γ-32P-ATP
was obtained from GE Healthcare (Piscataway, NJ). Three double stranded siRNA oligo-
nucleotides to CK2 α′ subunit (261-AACCTTCGTGGTGGAACAAAT-281, 320-
AAAGACACCAGCTTTGGTATT-340, and 671-AAGCATGATATTCCGAAAGGA-691)
and a control siRNA oligonucleotide to firefly luciferase (CGTACGCGGAATACTTCGA)
were from Dharmacon (Lafayette, CO).

Immunostaining and microscopy
Immunostaining was performed on the same rat lung tissue used in previous studies in which
ROSI was shown to block and reverse hypoxia-induced PA thickening (19). All animal
procedures were performed with approval and in accordance with the guidelines of the
University of Colorado Denver Center for Laboratory Animal Care. Basically, tissue was
retrieved from male Wistar-Kyoto rats (6 wk old) randomized to normoxia (1600 m, 630
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mmHg) or hypobaric hypoxia (5500m, 410 mmHg) and treated with and without the PPARγ
agonist, ROSI at 5 mg/kg/day, for 3 weeks (n = 6 animals/treatment group). At the end of 3
weeks, the rats were anesthetized and then treated with the RhoA/Rho kinase inhibitor, Fasudil
(10 mg/kg, IV) to dilate the vasculature prior to fixation. Lungs were fixed with 4%
paraformaldehyde in PBS containing 5 mM EDTA by airway inflation at 30 cm H2O pressure.
Pulmonary arteries were perfused with 4% paraformaldehyde/PBS/5 mM EDTA (to maintain
vasodilatation) at a pressure similar to that measured in vivo. The heart and lungs were then
removed en bloc. Lung tissue was fixed overnight in 4% paraformaldehyde and embedded in
paraffin.

Five um sections of paraformaldehyde-fixed, paraffin-embedded lung tissue were
deparaffinized with Hemo-D, and rehydrated in a graded ethanol/water series. Sections were
subjected to antigen retrieval in citrate buffer in a microwaveable pressure cooker for 20
minutes. Sections were blocked with PBS containing 5% horse serum for 30 minutes at room
temperature. The sections were incubated overnight in PBS/5% FBS at 4°C with the primary
antibodies indicated in the figure legends. The sections were then washed and incubated with
the indicated Alexa Fluor-conjugated secondary antibodies for 1 hour at room temperature.
Sections were washed extensively in PBS and coverslips were affixed with Vectashield (Vector
Laboratories, Burlingame, CA).

Staining for BrdU incorporation was performed on SMCs treated as indicated in the figure
legends and fixed in PBS/4%paraformaldehyde. Slides were incubated in 0.5% hydrogen
peroxide for 10 minutes to quench endogenous catalase and briefly rinsed in tap water. The
slides were then incubated in 2 N HCl at 37 C for 30 minutes and then transferred to 0.1 N
disodium tetraborate for 10 minutes. The slides were rinsed and immunostaining was
conducted as described above using a rat monoclonal anti-BrdU primary antibody and an anti-
rat secondary antibody conjugated to horseradish peroxidase. Slides were then developed with
Vector NovaRed reagents. Proliferation was calculated as the number of red (BrdU-positive)
nuclei divided by the total number of nuclei in each micrograph (BrdU labeling index).

Microscopy was performed on a Nikon TE2000-U inverted epifluorescent microscope.
Brightfield, phase contrast, and fluorescent digital deconvolution images were captured to a
personal computer with either a Spot RT/KE monochrome camera or Spot Insight color camera
(Diagnostic Imaging, Sterling Heights, MI). Images were analyzed and processed with
MetaMorph 6.1 Software (Molecular Devices, Sunnyvale, CA). The nuclear fluorescence
intensity of CREB, phospho-Akt and CK2 staining was determined by inclusive thresholding
for bright objects in each micrograph followed by computer-assisted fluorescence signal
integration for nuclei located between internal and external elastic lammellae. The cellularity
of the vascular media in each treatment group was evaluated by counting the number of nuclei
(DAPI-stained) between the internal and external elastic lammellae. This number was divided
by the lumen radius of the vessel to account for artery size.

PA SMC Isolation and Cell Culture
Five hundred um PAs were recovered from adult rat lungs. Segments of the PAs were cut open
and mechanically stripped of adventitia and endothelium. The segments were then placed
lumen-side-down into individual wells of a six well plate. Tissue explants were maintained in
complete DMEM supplemented with 200 U/ml penicillin, 0.2 mg/ml streptomycin, and 10%
fetal bovine serum (FCS).

Since our goal was to obtain pure subpopulations of SMCs we selectively isolated individual
cell colonies with a distinct, although uniform, morphological appearance from primary culture
using cloning cylinders. Expression of SMC-specific markers (α-SM actin and SM-myosin
heavy chains) in each isolated cell subpopulation was examined. Only cell subpopulations with
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uniform morphological appearance and uniform patterns of expression of SMC markers were
selected for further experimentation. Individual cell colonies growing from tissue explants in
primary culture were isolated by placing cloning cylinders (5 to 10 mm in diameter, greased
on the bottom) over each cell colony of interest. Cells within the ring were trypsinized and
transferred to a 24-multiwell plate for expansion. Cells were passaged in DMEM containing
10% FCS. During experiments, the cells were placed in sealed Plexiglas chambers purged with
filled with either normoxic (80% nitrogen, 20% oxygen) or hypoxic (97% nitrogen, 3%
oxygen) gas mixtures. The gas mixture in each chamber was replaced every 24 hours. All
studies were carried out using cells at passages 1 to 8. Cell cultures were tested for mycoplasma
contamination using a Gen-Probe Mycoplasma T. C. Rapid Detection System (GenProbe Inc,
San Diego, CA).

SiRNA treatments
SMCs were plated at 30–50% confluency on 6-well plates in complete medium. Twenty-four
hours later the cells were transferred to serum-free DMEM for transfection. Double stranded
CK2 siRNA oligonucleotides (equal amounts of the 3 CK2 siRNAs were mixed together) or
the control luciferase-specific siRNA were complexed with Oligofectamine reagent and
applied to the cells according to the manufacturer’s recommendations. After 3 hours, and equal
volume of DMEM containing 30% FCS was added to the wells. Cells were allowed to recover
for at least 48 hours before subsequent manipulations.

Proliferation and CK2 assays
SMC proliferation was measured with CellTiter 96 AQ Assay Kit according to the
manufacturer’s direction. BrdU incorporation was measured by adding BrdU to cell culture
medium to a final concentration of 10 uM 6 hours prior to fixation and immunostaining. CK2
activity was measured with a CK2 Protein Kinase Assay Kit using whole SMC lysates. To
account for non-specific substrate phosphorylation, reactions were performed in the presence
and absence of CK2 inhibitor (heparin). The activity measured in the reactions containing
inhibitor was subtracted from corresponding reactions without inhibitor.

Subcellular fractionation and western blots
Cytosolic and nuclear fractions were prepared from SMCs using NE-PER reagents following
the supplier’s instructions. After correcting for protein concentrations, cell lysates were mixed
with an equal volume of Laemmli SDS loading buffer, resolved on 10% polyacrylamide-SDS
gels and transferred to PVDF membranes. The blots were blocked with phosphate buffered
saline (PBS) containing 5% dry milk and 0.1% Tween 20, and then treated with antibodies that
recognize the target proteins indicated in each figure overnight at 4°C. The blots were washed
and subsequently treated with appropriate secondary antibodies conjugated to horseradish
peroxidase. After the blots are washed, specific immune complexes will visualized with
SuperSignal West Pico Chemiluminescent Substrate.

Statistics
Data averaged from the number of samples or conditions noted in each figure legend we
compared using the 2-tailed Student’s t test. Differences were considered statistically
significant at p ≤ 0.05.

Results
ROSI attenuates hypoxia-induced PA remodeling and loss of SMC CREB

We have previously shown that CREB levels are diminished is medial SMCs of hypertensive,
remodeled PAs from animals exposed to chronic hypoxia (18). Other studies demonstrated that
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the TZD, ROSI, prevented thickening of the PA wall in rats exposed to chronic hypoxia (27).
Here we tested whether ROSI could not only attenuate PA remodeling, but also prevent
hypoxia-induced CREB depletion in SMCs. We used the same preserved lung tissue from
adult, male rats maintained under ambient normoxia, hypobaric hypoxia or hypoxia plus ROSI
as used in our previous studies (19). Microscopic observation of lung tissue sections from the
three groups of animals revealed substantial remodeling or thickening of the PA wall in lungs
from rats exposed to hypoxia (average wall thickness/lumen radius = 0.56 ± 0.14) (Fig. 1A).
No remodeling was detected in normoxic animals (average wall thickness/lumen radius = 0.18
± 0.09), and thickening was reduced in hypoxic animals receiving ROSI (average wall
thickness/lumen radius = 0.23 ± 0.11) compared to ROSI-naïve subjects. We also measured
the overall cellularity of the arterial media in each treatment to determine whether medial SMC
numbers were different. We found that the number of DAPI-stained nuclei present between
the elastic lamellae was significantly increased in hypoxic animals (Fig. 1B), while minimal
change was noted between normoxic and hypoxic plus ROSI groups.

For the analysis of CREB levels in medial SMCs, vessels were selected based on bright
autofluorescence of the internal and external elastic lammellae to clearly delineate the medial
compartment. This was necessary as heavily remodeled arteries (particularly in hypoxic lung)
exhibited degraded or incomplete lammellae or multiple autofluorescent filaments throughout
the vessel wall making it difficult to determine the extent of the arterial media. Relative CREB
levels were evaluated by immunofluorescent staining and quantitated by integration of nuclear
fluorescence intensity by computer-assisted morphometry (Fig. 1C). CREB was easily detected
in medial SMCs and throughout the lung in sections from normoxic rats, but CREB levels were
significantly lower in the media and adventitia in hypoxic animals. However, CREB levels in
hypoxic rats treated with ROSI were comparable to those in normoxic animals. The data
indicate that ROSI prevents both hypoxia-induced PA remodeling and loss of CREB in SMCs.

TRO represses PDGF-BB-induced SMC proliferation and CREB depletion in vitro
We previously reported that PDGF-BB, a potent mitogen produced in the PA wall in response
to hypoxia (11,12), induces CREB loss in purified PA SMCs (19). Given the protective impact
of ROSI on PA remodeling and SMC CREB content in vivo, we tested the ability of a closely
related TZD, troglitazone (TRO) to suppress PDGF-BB-induced SMC growth and CREB loss
in vitro. Staining for BrdU incorporation in figure 2A shows that PDGF-BB stimulates
proliferation of primary PA SMCs (red staining nuclei), but that this effect is inhibited by
simultaneous addition of TRO. This was confirmed by quantitation of the BrdU-positive cells
versus total cell number in each micrograph (Fig. 2B). PDGF increased proliferation by
approximately 10-fold over untreated cells, while TRO almost completely blocked PDGF-
induced growth. An MTT-based proliferation assay provided similar results (Fig. 2C).
Cytoplasmic and nuclear CREB levels were also assessed in SMCs treated with PDGF-BB
and/or TRO. PDGF-BB alone stimulated loss of nuclear CREB (Fig. 2D). However, in cells
receiving both PDGF-BB and TRO, no loss of CREB was observed, and in some cases, CREB
levels were slightly higher in PDGF/TRO treated cells than in untreated control cells. These
data show that TRO inhibits PDGF-BB-induced SMC proliferation and depletion of CREB in
PA SMCs.

TZDs do not suppress PI3-kinase/Akt signaling in PA SMCs
We have reported that PDGF-BB-induced depletion of CREB (which involved CREB
ubiquitination and proteasomal degradation) in PA SMCs is blocked by inhibitors of PI3-kinase
or Akt (19). Therefore, we tested whether TZDs could inhibit this signaling pathway in vitro
and in vivo. For in vitro studies, primary PA SMCs were treated with PDGF-BB alone or in
combination with TRO for various times. As expected, CREB levels diminished in SMCs
exposed to PDGF-BB alone, commensurate with an increase in ubiquitinated CREB (Fig. 3A
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and B). However, in cells treated with PDGF-BB and TRO, no loss of CREB or increase in
ubiquitinated CREB was observed. PDGF-BB also stimulated activation of PI3-kinase/Akt
signaling as evidenced by increased activated P-Akt levels. However, TRO failed to block
PDGF-induced Akt activation. Thus, although TRO inhibits CREB depletion, it does not
appear to suppress signaling via PI3-kinase and Akt in vitro.

We also examined activation of Akt in lung sections from rats exposed to normoxia, chronic
hypoxia alone, or hypoxia and ROSI by immunofluorescent staining to P-Akt. Low levels of
P-Akt staining were observed in the PA wall in normoxic animals. (Fig. 4A). Higher levels of
P-Akt staining were present in the sections of hypoxic rat lung, most notably in the medial PA
between the inner and outer elastic lammelae. Similarly, P-Akt staining was present in medial
PA in sections from rats exposed to hypoxia and treated with ROSI. Quantitation of P-Akt
nuclear fluorescence intensities confirmed these visual impressions (Fig. 4B). P-Akt levels
were approximately 3-fold higher in both hypoxic and hypoxic/ROSI medial SMC nuclei than
in normoxic controls. These data suggest that TZDs fail to block activation of Akt in vivo,
analogous to their lack of effect in vitro.

Casein kinase 2 (CK2) promotes CREB loss in response to PDGF-BB
We have reported that PDGF-BB-induced CREB loss in PA SMCs requires the presence of 2
closely spaced serine residues (serines 103 and 107) in the CREB molecule that are putative
targets for CK2 (19). Simultaneous mutation of both serines to alanines results in a CREB
molecule refractory to PDGF-induced degradation. To determine whether CK2 mediated
CREB depletion in response to PDGF-BB we first assessed CK2 catalytic subunit expression
in SMCs. We found that CK2 α′ catalytic subunit expression was consistently increased in
PDGF-BB treated cells (Fig. 5A and 6A). In some experiments the α catalytic subunit was also
increased by PDGF (Fig. 6A), but this was not observed in all experiments. This is likely due
to differences in α subunit expression in SMCs isolated from different animals, the
heterogeneity of the medial SMC population, and possible expansion of different SMC
subgroups in each isolate. Both basal and PDGF-stimulated CK2 α′ subunit expression was
inhibited by the PI3-kinase inhibitor, LY294002. We next developed siRNA oligonucleotides
to CK2 α′ subunit. Figure 5B shows that complete depletion of the CK2 subunit in SMCs
transfected with the specific siRNA, but not in cells transfected with a control siRNA. We then
measured CREB levels in cells transfected with each siRNA, and left untreated or exposed to
PDGF-BB fro 48 hours. In PDGF-BB-naïve cells, CREB was present in both control and CK2
siRNA transfected SMCs (Fig. 5C). CREB was not detected in cells transfected with control
siRNA and treated with PDGF-BB. However, in CK2 α′ siRNA transfected cells, CREB was
detected in spite of PDGF-BB exposure. The results indicate that PDGF-BB stimulates CK2
expression α′ in a PI3-kinase-dependent manner, and that CK2 α′ is required for PDGF-BB-
induced CREB depletion in PA SMCs.

TZDs suppress upregulation of CK2 α′ by PDGF-BB in vitro and by hypoxia in vivo
We next tested whether TZDs could inhibit CK2 catalytic subunit expression or activity in
primary PA SMCs treated with PDGF-BB. We found that PDGF alone stimulated expression
of CK2 catalytic subunits in a manner temporally consistent with the kinetics of CREB
depletion (Fig. 6A). This increase in CK2 catalytic subunit expression was largely abrogated
in cells treated with PDGF-BB and TRO. Changes in CK2 catalytic subunit expression were
reflected in changes in CK2 kinase activity. PDGF-BB alone stimulated CK2 activity by
slightly more than 2-fold (Fig. 6B). TRO inhibited both basal and PDGF-BB-stimulated CK2
activity.

In vivo, CK2 was difficult to detect in lung sections from rats held under normoxic conditions
(Fig. 7A). CK2 catalytic subunit levels were elevated in nuclei throughout the lung (by more
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than 3-fold, Fig. 7B), and especially the medial PA SMC layer of animals exposed to chronic
hypoxia. However, in animals simultaneously receiving ROSI and hypoxic exposure, CK2
levels were normalized.

Blockade of CK2 α′ expression in vitro inhibits PDGF-BB-induced SMC proliferation
Since PDGF promotes CREB loss via CK2, and loss of CREB stimulates PA SMC
proliferation, we tested whether forced depletion of CK2 α′ with specific siRNA would
suppress PA SMC proliferation stimulated with PDGF-BB. Substantial proliferation (BrdU
incorporation) was evident in PDGF-BB treated SMCs previously transfected with a control
siRNA (Fig. 8A and B). However, PDGF-BB-stimulated SMC proliferation was much less in
cells transfected with CK2 α′ subunit-specific siRNA.

Discussion
We previously demonstrated that hypoxia-induced remodeling of PAs in rats and calves was
associated with decreased levels of CREB in medial SMCs of the PA wall (18). Subsequent
studies indicated that forced loss or inhibition of CREB in isolated PA SMCs stimulated basal
and PDGF-induced proliferation, PDGF-induced migration, expression of extracellular matrix
components, and loss of SM markers (19). Alternately, ectopic expression of wild type or
constitutively active forms of CREB suppressed basal and mitogen-induced proliferation and
migration (18,28). These results were observed in both pulmonary and systemic SMC
populations. The data suggest that CREB plays a key role in regulating SMC phenotype, and
that loss of CREB contributes to the proliferative and synthetic SMC phenotype observed in
vascular pathologies.

In other studies we demonstrated that the TZD ROSI could not only prevent hypoxia-induced
PA remodeling, but reverse thickening due to previous exposure to hypoxia (29). Similar results
were reported by Matsuda et al (30) who showed that the TZDs pioglitazone and TRO inhibited
remodeling and decreased pulmonary vascular resistance in rats treated with monocrotaline.
Recent studies by Rabinovitch and colleagues demonstrate a similar beneficial impact of TZDs
on PH in apoE-null mice, underscoring the central role of PPARγ and its agonists in PA
remodeling (31).

Here we show that ROSI not only suppresses PA remodeling, but also prevents depletion of
PA SMC CREB in rats exposed to hypoxia. Since loss of CREB in isolated SMCs elicits
changes consistent with those observed in arterial remodeling, our results suggest that the
protective impact of ROSI is mediated at least in part by preventing CREB proteasomal
degradation. We are currently developing SMC-targeted CREB loss-of-function mouse models
to fully evaluate the impact of CREB loss on SMC phenotype and PA remodeling with and
without hypoxic exposure. Given that CREB acts downstream of PPARγ activation, we predict
that TZDs will fail to block PA remodeling in the SMC CREB deficient animals.

Our data also indicate that expression of CK2 catalytic subunit expression is regulated by
hypoxia in vivo, and by PDGF through the PI3K/Akt signaling pathway in vitro in PA SMCs.
Both the catalytic and regulatory subunits of CK2 are expressed in most tissues and levels of
each are tightly controlled (32,33). While levels of CK2 catalytic and regulatory subunits are
refractory to most stimuli, increases and decreases in CK2 expression and activity have been
reported in relation to cell proliferation and survival. For example, CK2 expression and activity
increase upon entry to the cell cycle in many cell types (32), and elevated activity has been
found in many leukemias and solid tumors (34,35). Alternately, CK2 gene transcription is
suppressed in senescent human lung fibroblasts and in tissues from aged rats (36).
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There is now good evidence that CK2 plays important roles in cell proliferation and survival.
Inhibition of CK2 with antisense oligonucleotides or pharmacologic agents attenuates cell
cycle progress in mammalian cells (37,38). Likewise, ectopic expression of a kinase-dead form
of CK2 catalytic subunit α decreased proliferation of NIH-3T3 cells (39). On the other hand,
CK2 catalytic subunit transgenic mice have a higher incidence of lymphoma, which is further
aggravated by loss or mutation of the tumor suppressor p53 (40). Our results are consistent
with these reports in that they demonstrate an increase in CK2 catalytic subunit in the
hypertensive, remodeled PA wall in response to hypoxia, and increases in CK2 α′ subunit levels
and enzyme activity in SMCs treated with PDGF. Importantly, forced depletion of CK2 α′ with
siRNA blocked PDGF-induced SMC proliferation. It is interesting to speculate that anti-cancer
therapies based on CK2 inhibition might also be effective agents to arrest PA remodeling in
PH.

How do thiazolidinediones inhibit PDGF-stimulated CK2 expression? The regulation of CK2
gene transcription remains mysterious. The promoters for both α and α′ catalytic subunits
contain binding sites for SP1, Ets and NFκB transcription factors (41) and binding of these
factors to the promoter of the α gene has been confirmed by super-shift analysis and affinity
chromatography. Interestingly, the promoters for the regulatory subunit genes contain a similar
combination of regulatory sites, and work by Pyerin and Ackerman (33) indicate that
transcription of the catalytic and regulatory subunits occurs in a coordinate fashion. It was
recently reported that downregulation of CK2 α and α′ during cellular senescence is mediated
by promoter hypermethylation (42). In addition, DNA methylation also resulted in
downregulation of Sp1, Ets and NFκB levels. We are currently investigating changes in
methylation of the CK2 α and α′ gene promoters to determine whether this mechanism might
account for the impact of ROSI and TRO on CK2 catalytic subunit levels in PA SMCs.

Conclusion
TZDs inhibit CREB depletion in PA SMCs. and inhibit SMC proliferation in vitro and PA
remodeling in vivo. TZDs do not appear to regulate PI3Kinase/Akt signaling, but rather prevent
CREB loss by attenuating hypoxia- or PDGF-induced CK2 α′ subunit expression. Given the
ability of CREB to modulate SMC phenotype in culture, we conclude that TZDs prevent PA
remodeling in part by suppressing upregulation of CK2 and loss of CREB in PA SMCs.
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Figure 1. ROSI prevents both PA remodeling and SMC CREB loss in rats exposed to chronic
hypoxia
Sections of lung tissue were prepared from adult male Wistar Kyoto rats were subjected to
isobaric normoxia or hypobaric hypoxia for 3 weeks. Some rats exposed to hypoxia were fed
chow impregnated with ROSI. At 3 weeks the animals were euthanized, and their lungs were
inflated and perfused with PBS containing 4% paraformaldehyde. The sections were
deparaffinized, rehydrated and subjected to immunohistochemistry for CREB. A) The top row
shows representative phase contrast micrographs of intralobar pulmonary arteries (PA)
adjacent to airways (AW). The middle row shows the corresponding fluorescence
deconvolution images in which the signal for CREB (red) has been combined with the
autofluorescence of the internal and external elastic lamellae (green). The bottom row shows
enlargements of the regions within the blue squares in the middle row. Bar = 75 um. B)
Cellularity of the medial compartment was quantitated by counting the number of DAPI-
stained nuclei located between the inner and outer lammelae. This number was divided by the
lumen radius to normalize for vessel size. Data were averaged for at least five vessels per animal
from 6 animals. * indicates p ≤ 0.05. C) Nuclear CREB levels were quantitated by measuring
fluorescence intensities of nuclei located between the inner and outer lammelae. Data were
averaged for at least five vessels per animal from 6 animals. The data indicate that ROSI
attenuates hypoxia-induced PA thickening and loss of SMC CREB. * indicates p ≤ 0.05.
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Figure 2. TRO prevents both proliferation and CREB loss in PA SMCs treated with PDGF
PA SMCs were propagated in DMEM containing 0.2% fetal calf serum. Some cells were left
untreated as controls while others received PDGF (25 ng/ml) alone or in combination with 1
uM TRO for 48 hours. A) BrdU was added to the cells at a final concentration of 10 uM, 6
hours prior to fixation. The fixed cells were subjected to immunocytochemical staining for
BrdU. The figure shows representative bright field micrographs of cells exposed to each
treatment. BrdU-positive nuclei are red. B) The BrdU-positive (red) nuclei and total nuclei
were counted in 10 random fields for each treatment. The number of BrdU-positive nuclei were
divided by the number of total nuclei to obtain the BrdU Labeling Index as a measure of
proliferation. The graph shows data averaged from three experiments. * indicates p ≤ 0.05. C)
Cell number was determined using CellTiter 96 Aq reagents. The graph shows the average fold
change in cell number from 4 experiments with 3 replicates relative to untreated control cells
(Cntrl). * indicates p≤0.05. D) Cells were lysed and separated into cytosolic and nuclear
fractions. Equal amounts of extract protein were resolved on SDS-polyacrylamide gels and
transferred to PVDF membranes. Equal loading and transfer were verified by staining of the
blot with Ponceau S. The membranes were then probed with a CREB-specific antibody. The
results demonstrate that PDGF promotes SMC proliferation and loss of CREB from the nuclear
fraction, but that TRO prevents CREB loss and inhibits proliferation.
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Figure 3. TRO inhibits CREB ubiquitination but not activation of Akt by PDGF
PA SMCs were grown in DMEM containing 0.2% fetal calf serum and treated with 25 ng/ml
PDGF with or without 1 uM TRO for the times shown above each lane. At each time point,
cells were harvested, lysed and equal amounts of protein separated on polyacrylamide-SDS
gels and transferred to PVDF membranes. A) Blots were probed with antibodies against total
CREB or P-Akt as indicated. For the panel labeled IP:CREB/Blot:Ubiquitin, equal amounts
of lysate protein were first subjected to immunoprecipitation with anti-CREB antibody and the
precipitated material was separated on polyacrylamide-SDS gels and transferred to
membranes. These blots were probed with an ubiquitin-specific antibody. B) Blots from three
separate experiments were scanned into an Apple MacBook Pro computer and the band density
and area at the 48 hour time point was measured with ImageJ software. The averaged data are
shown relative to band densities for the 48 hour normoxic samples. * indicates p ≤ 0.05. The
results show that PDGF stimulates CREB ubiquitination and depletion in SMCs concomitant
with an increase in Akt activity. While TRO blocks CREB ubiquitination and loss, it has no
effect on PDGF-stimulation of Akt activity.
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Figure 4. ROSI attenuates hypoxia-induced PA remodeling, but does not inhibit hypoxia-induced
Akt activation in PA SMCs in vivo
Sections of lung tissue were prepared from adult male Wistar Kyoto rats were subjected to
isobaric normoxia or hypobaric hypoxia for 3 weeks. Some rats exposed to hypoxia were fed
chow impregnated with ROSI. The sections were deparaffinized, rehydrated and subjected to
immunohistochemistry for P-Akt. The top row shows representative phase contrast
micrographs of intralobar pulmonary arteries (PA) adjacent to airways (AW). The middle row
shows the corresponding fluorescence deconvolution images in which the signal for P-Akt
(red) has been combined with the autofluorescence of the internal and external elastic lamellae
(green). The bottom row shows enlargements of the regions within the blue squares in the
middle row. Bar = 75 um. B) Nuclear P-Akt levels were quantitated by measuring fluorescence
intensities of nuclei located between the inner and outer lammelae. Data were averaged for at
least five vessels per animal from 6 animals. * indicates p ≤ 0.05. The data indicate that ROSI
attenuates hypoxia-induced PA thickening but does not block activation of Akt by hypoxia in
arterial SMC.
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Figure 5. PDGF induces CK2 catalytic subunit expression, which is required for PDGF-induced
CREB depletion in PA SMCs
A) PA SMCs grown in DMEM containing 10% fetal calf serum were transferred to medium
containing 0.2% fetal calf serum. The cells were treated with 25 ng/ml PDGF with or without
the PI3Kinase inhibitor LY294002 for 48 hours. Control cells were left untreated. Equal
amounts of whole cell lysate protein were resolved on polyacry-lamide-SDS gels, transferred
to PVDF membranes, which were probed with CK2 catalytic subunit-specific antibody. The
panel shows a representative western blot demonstrating that PDGF stimulates CK2 catalytic
subunit expression, and that this is mediated by PI3Kinase signaling. B) PA SMCs were
transfected with control (Cntrl) or CK2 catalytic subunit-specific siRNA. Forty-eight hours
later the cells were lysed and equal amounts of lysate protein were resolved on polyacrylamide-
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SDS gels and transferred to PVDF membranes. Equal protein loading and transfer were verified
by Ponceau S staining of the membranes prior to blotting. The membranes were probed with
CK2-specific antibody. The panel shows a representative western blot demonstrating that the
CK2-targeted siRNA effectively suppresses CK2 catalytic subunit expression. C) PA SMCs
were transfected with control or CK2-catalytic subunit-specific siRNA. Twenty-four hours
later the cells were transferred to DMEM containing 0.2% fetal calf serum. After an overnight
incubation, PDGF was added to some of the cells at a final concentration of 25 ng/ml. Forty-
eight hours later the cells were lysed and equal amounts of lysate protein were resolved on
polyacrylamide-SDS gels and transferred to PDVF membranes. The membranes were probed
with anti-CREB antibody. The representative blot shows that PDGF induces CREB loss in the
cells transfected with control siRNA, but not in cells in which CK2 has been depleted with
specific siRNA.
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Figure 6. PDGF-stimulated CK2 catalytic subunit expression and activity are inhibited by TRO in
PA SMCs
PA SMCs were grown in DMEM containing 10% fetal calf serum, and transferred to medium
containing 0.2% serum 24 hours prior to the of 25 ng/ml PDGF with and without 1 uM TRO.
A) At the times indicated above each lane, equal amounts of lysate protein were resolved on
polyacrylamide-SDS gels and transferred to PVDF membranes. The membranes were probed
with antibody against CK2 catalytic subunit. The representative blot shows that PDGF
stimulates CK2 catalytic subunit expression in time-dependent manner, but that this process
is blocked by TRO B) Forty-eight hours post PDGF/TRO addition, cells were lysed and
approximately 20 ug of lysate protein were assayed for CK2 activity as described in
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Experimental Procedures. Triplicate reactions were run in the presence or absence of CK2
inhibitor. The non-specific activity measured in the reactions containing inhibitor was
subtracted from activity measured in reactions without inhibitor. The graph shows average
kinase activity relative to reactions performed with lysate protein from cells not exposed to
PDGF or TRO. * indicates p≤0.05.
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Figure 7. ROSI inhibits hypoxia-induced PA remodeling and expression of CK2 catalytic subunit
in vivo
Sections of lung tissue were prepared from adult male Wistar Kyoto rats were subjected to
isobaric normoxia or hypobaric hypoxia for 3 weeks. Some rats exposed to hypoxia were fed
chow impregnated with ROSI. At 3 weeks the animals were euthanized, and their lungs were
inflated and perfused with PBS containing 4% paraformaldehyde. The sections were
deparaffinized, rehydrated and subjected to immunohistochemistry for CK2 catalytic subunit.
The top row shows representative phase contrast micrographs of intralobar pulmonary arteries
(PA) adjacent to airways (AW). The middle row shows the corresponding fluorescence
deconvolution images in which the signal for CK2 (red) has been combined with the
autofluorescence of the internal and external elastic lamellae (green). The bottom row shows
enlargements of the regions within the blue squares in the middle row. Bar = 75 um. B) Nuclear
CK2 levels were quantitated by measuring fluorescence intensities of nuclei located between
the inner and outer lammelae. Data were averaged for at least five vessels per animal from 6
animals. * indicates p ≤ 0.05. The data indicate that ROSI attenuates hypoxia-induced PA
thickening and increased CK2 catalytic subunit expression.
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Figure 8. Forced depletion of CK2 catalytic subunit suppresses PDGF-stimulated PA SMC
proliferation
PA SMCs were transfected with control (Cntrl) and CK2 catalytic subunit siRNA. The cells
were transferred to medium containing 0.2% serum for 24 hours, and then exposed to 25 ng/
ml PDGF for 48 hours. BrdU was added to the wells for the last 6 hours of the experiment. A)
The SMCs were then fixed and stained for BrdU incorporation. The figure shows representative
brightfield micrographs in which BrdU-positive nuclei are red. B) The BrdU-positive (red)
nuclei and total nuclei were counted in 10 random fields for each treatment. The number of
BrdU-positive nuclei were divided by the number of total nuclei to obtain the BrdU Labeling
Index as a measure of proliferation. The graph shows data averaged from three experiments.
* indicates p ≤ 0.05. The results indicate that forced depletion of CK2 catalytic subunit blocks
PDGF-induced SMC proliferation. Bar = 50 um.
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