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Abstract

Objective—The phenotypic modulation of vascular smooth muscle cells (VSMCs) to a synthetic

phenotype is vital during pathological vascular remodeling and the development of various

vascular diseases. An increase in type I collagen (collagen I) has been implicated in synthetic

VSMCs, and cyclic nucleotide signaling is critical in collagen I regulation. Herein, we investigate

the role and underlying mechanism of cyclic nucleotide phosphodiesterase 1 (PDE1) in regulating

collagen I in synthetic VSMCs.

Methods and Results—The PDE1 inhibitor IC86340 significantly reduced collagen I in human

saphenous vein explants undergoing spontaneous remodeling via ex vivo culture. In synthetic

VSMCs, high basal levels of intracellular and extracellular collagen I protein were markedly

decreased by IC86340. This attenuation was due to diminished protein but not mRNA. Inhibition

of lysosome function abolished the effect of IC86340 on collagen I protein expression. PDE1C but

not PDE1A is the major isoform responsible for mediating the effects of IC86340. Bicarbonate-

sensitive soluble adenylyl cyclase/cAMP signaling was modulated by PDE1C, which is critical in

collagen I degradation in VSMCs.

Conclusion—These data demonstrate that PDE1C regulates soluble adenylyl cyclase/cAMP

signaling and lysosome-mediated collagen I protein degradation, and they suggest that PDE1C

plays a critical role in regulating collagen homeostasis during pathological vascular remodeling.
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During physiological states, vascular smooth muscle cells (VSMCs) residing in the media

layer are quiescent and contractile. Their principal function is to maintain vascular tone. In
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response to biological and mechanical injury, VSMCs exhibit phenotypic plasticity and

undergo modulation from a quiescent/contractile phenotype to an active synthetic one.1

Synthetic VSMCs contribute to vascular remodeling and dysfunction by downregulating

contractile proteins and acquiring the capacity to proliferate, migrate, and produce

extracellular matrix (ECM) proteins. Therefore, synthetic VSMCs play a key role in the

pathogenesis of cardiovascular disorders such as atherosclerosis, postangioplasty restenosis,

bypass vein graft failure, and cardiac allograft vasculopathy. Elucidating molecules that

control the phenotypic changes may be critical to circumvent pathological vascular

remodeling.

The major components of the ECM of the vessel wall are collagens.2 Several genetically

distinct collagens are present in the vessel wall, including collagen types I, III, IV, V, and

VIII.2 In normal vascular tissue, collagens play important roles in maintaining vascular

structural integrity, regulating vascular mechanical properties (such as extensibility and

stiffness), and regulating cellular function through receptor mediated cell-collagen

interaction.2 Synthetic VSMCs, in the atherosclerotic and neointimal lesions, produce

abundant ECM, particularly type I collagen (collagen I). The ECM, together with cellular

components in the lesions, is responsible for vessel wall thickening and eventual occlusion

of the vessel lumen. In addition, collagen I in vascular lesions may also regulate VSMC

proliferation/migration, monocyte activation, platelet circulation, lipid accumulation,

calcification, and plaque stability.2

cAMP and cGMP have a variety of biological effects in VSMCs, such as promoting VSMC

relaxation and inhibiting VSMC proliferation, migration, and ECM synthesis. cAMP-

mediated signaling has been shown to inhibit agonist-stimulated collagen I synthesis in

smooth muscle cells.3,4 Cyclic nucleotide phosphodiesterases (PDEs), by catalyzing the

hydrolysis of cAMP and cGMP, regulate the amplitude, duration, and compartmentalization

of intracellular cyclic nucleotide signaling. To date, more than 60 different isoforms have

been identified and grouped into 11 broad families by differences in structure, kinetic and

regulatory properties, and sensitivity to chemical inhibitors.5 The Ca2+/calmodulin-

stimulated PDE1 family enzymes are encoded by 3 distinct genes, PDE1A, PDE1B, and

PDE1C. Both PDE1A and PDE1C have been previously shown to regulate synthetic VSMC

growth.6,7 In the present study, we interrogated the role and underlying mechanism of PDE1

isozymes in regulating collagen I in synthetic VSMCs and defined a novel mechanism by

which PDE1C/cAMP signaling regulates collagen I protein degradation through a lysosome-

dependent mechanism.

Materials and Methods

IC86340 was provided by ICOS Corp, and the primary antibody against collagen I (LF-67)

was kindly provided by Dr Fisher (National Institutes of Health, Bethesda, MD). Rat aortic

VSMCs were prepared using enzymatic digestion of aortas as previously described.6

VSMCs (passages 7 to 12) were used for the experiments. Human saphenous veins (SVs),

not required for surgery, were collected from patients after coronary artery bypass surgery.

SVs were cultured for 7 days as previously described.8 The medium and drug were changed

every other day.
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An expanded Methods section is available in the online supplement (http://

atvb.ahajournals.org).

Results

Effects of PDE1 Inhibition on Collagen I Protein Levels in Human SV Explants

Human SV is the most commonly used vessel to bypass blocked coronary arteries; however,

late vein graft failure occurs because of the development of stenosis or occlusion.9 When

human SVs are cultured in vitro, they spontaneously undergo remodeling, which

predominantly involves smooth muscle cell growth and ECM deposition.10 As shown in

Figure 1A (left panel), the SV wall can be divided into 3 zones, the internal zone (intima),

the medial zone (inner and outer media), and the external zone (inner and outer

adventitia).11,12 With Verhoeff Masson Trichrome combination staining, smooth muscles

are stained with red, collagen with light blue or blue-green, and elastin with dark blue. When

SVs were cultured in vitro for 1 week, SV remodeling occurred, revealing a larger amount

of collagen and elastic fiber deposition and a less organized smooth muscle (Figure 1A,

middle panel). This led to an increased thickness of the SV vessel wall. We found that

collagen deposition was significantly reduced in human SV by the PDE1 inhibitor IC86340,

accompanied by a significant reduction of remodeling (Figure 1A, right panel). Consistently,

collagen I protein levels measured by Western blotting were increased in cultured SV

compared with the same SV before culture. PDE1 inhibitor IC86340 significantly attenuated

the increased collagen I protein levels (Figure 1B). According to the IC50 values of IC86340

on inhibiting different PDE family members (Supplemental Table), the doses of IC86340

used in this study should preferentially inhibit PDE1 isozymes in vascular cells. These

results suggest that PDE1 is involved in regulating collagen I during SV remodeling. To

further demonstrate the effects of PDE1 inhibition on collagen I accumulation in neointimal

formation in vivo, we performed immunostaining of collagen I in a mouse arterial injury

model induced by flow-cessation via carotid ligation.4 As shown in Supplemental Figure I,

collagen I staining intensities are increased in the neointimal regions of the injured vessel,

which is significantly reduced by PDE1 inhibitor IC86340.

Upregulation of Collagen I Protein in Synthetic VSMCs

VSMCs in vitro show distinct phenotypes in response to different types of extracellular

matrices. When cultured on dishes coated with polymerized collagen, VSMCs elicit a

“contractile”-like phenotype and mimic many characteristics of VSMCs in the normal

medial layer in vivo.13 In contrast, VSMCs cultured on monomer collagen or noncoated

plastic dishes have synthetic phenotype and retain many properties of VSMCs in developing

vascular lesions.13 We thus compared collagen I protein levels in contractile-like and

synthetic VSMCs (Figure 1C). As expected, we observed that contractile-like VSMCs (on

polymerized collagen) expressed much higher levels of contractile marker proteins, such as

smooth muscle calponin, compared with synthetic VSMCs (on monomeric collagen). In

contrast, the collagen I protein levels were much higher in the synthetic VSMCs, consistent

with the previous finding that synthetic rabbit VSMCs have significantly higher collagen I

than contractile VSMCs.14 Interestingly, PDE1 inhibition blocked collagen I upregulation in
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synthetic VSMCs (Figure 1D), further supporting the role of PDE1 in the regulation of

collagen I in synthetic VSMCs.

Mechanism of Collagen I Regulation by PDE1 in Synthetic VSMCs

As shown in Supplemental Figure II, synthetic VSMCs had a high basal level of collagen I.

Stimulation with serum or transforming growth factor-β further increased collagen I protein

(Supplemental Figure IIA) and mRNA (Supplemental Figure IIB). Interestingly, PDE1

inhibitor IC86340 inhibited not only agonist-stimulated collagen I protein but also the basal

collagen I protein to a great extent (Supplemental Figure IIA). In contrast, inhibiting PDE1

reduced only the amount of agonist-stimulated collagen I mRNA, not basal mRNA levels

(Supplemental Figure IIB). These observations suggest that PDE1 regulates both basal and

agonist-stimulated collagen I in synthetic VSMCs, very likely via distinct mechanisms. For

instance, PDE1 regulates the basal collagen I at the protein level and the agonist-stimulated

collagen I at the mRNA level. Because the role of cyclic nucleotide-mediated signaling in

agonist-stimulated collagen I expression is well described,15,16 in this study we specifically

focused on the function and underlying mechanism of PDE1 in regulating phenotype-

associated basal collagen I in synthetic VSMCs.

Using synthetic VSMCs in the absence of stimulation, we found that PDE1 inhibitor

IC86340 caused a significant decrease in intracellular procollagen I protein levels in a dose-

and time-dependent manner (Figure 2A and 2B). Because collagen I is a secretory protein

and the major component of interstitial connective tissue, we also analyzed extracellular

collagen I. As shown in Figure 2C, the extracellular secreted collagen I protein in the culture

medium was much higher than intracellular collagen I. There were also large amounts of

cleaved collagen I fragments in the extracellular fraction, consistent with reports stating that

extracellular collagen I undergoes fragmentation via free radicals and proteinases.17 We

consistently observed concomitantly reduced intracellular and extracellular collagen I

(Figure 2C). Immunofluorescent staining also revealed that the collagen I staining intensities

are decreased by IC86340 in both intracellular (Figure 2D) and extracellular space (Figure

2E). Taken together, these results provide support that PDE1 plays a critical role in

regulating collagen I protein levels in synthetic VSMCs.

Role of Lysosome in PDE1-Mediated Regulation of Collagen I Protein Levels

To further confirm that the basal collagen I protein reduction by PDE1 inhibition is not due

to decreased collagen I gene expression, we measured mRNA levels by reverse

transcription–polymerase chain reaction. As expected, basal collagen I mRNA levels were

not significantly altered by IC86340 (Supplemental Figure IIIA). We next determined

whether IC86340 treatment causes proteasome-mediated collagen degradation and found

that the proteasome inhibitor MG132 did not significantly influence IC86340-mediated

collagen I protein reduction (Supplemental Figure IIIB). This suggests that a proteasome-

dependent mechanism is likely not involved.

Because lysosome-dependent degradation of collagen I is an important mechanism in

fibroblast-like cells,17 we determined the role of lysosomes in IC86340-mediated regulation

of collagen I in VSMCs. Within lysosomes, digestive enzymes function in an acidic
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condition (around pH 5.0), which is maintained by vacuolar-type H(+)-ATPase (V-ATPase).

Therefore, the V-ATPase inhibitor or lysosomal pH neutralizer is commonly used to inhibit

lysosome function. As shown in Figure 3A, bafilomycin A1 (a specific inhibitor of the

vacuolar type H(+)-ATPase) significantly blocked intracellular collagen I reduction by

IC86340. Similarly, chloroquine and NH4Cl (neutralizing lysosomal pH and thus decreasing

the lysosomal function) also prevented intracellular collagen I reduction (Figure 3B and 3C).

The reduction of extracellular collagen I levels was also blocked by lysosome inhibitor

bafilomycin A1 (Figure 3D) and NH4Cl (Figure 3E). A similar observation was also made

in human VSMCs (Supplemental Figure IIIC). These results suggest that PDE1 inhibition

stimulates lysosome-mediated degradation of collagen I, which leads to a decrease of

intracellular and extracellular collagen I protein levels.

To determine the role of PDE1 on lysosome regulation, we first performed cytochemical

analysis of lysosomes with LysoTracker Red DND-99, a fluorescent acidtropic probe for

labeling and tracking acidic organelles in live cells. We found that the number and

fluorescent intensity of lysosome-like organelles in the perinuclear regions of VSMCs are

significantly increased on PDE1 inhibition (Figure 3F and 3G). In addition, we also

analyzed a LysoSensor Yellow/Blue DND-160, a fluorescent pH indicator used to detect

active lysosomes. We observed a similar increase of fluorescence intensity in the presence

of IC86340 (Figure 3F and 3H). These observations suggest that PDE1 may regulate

lysosome function in an as-yet-unknown manner.

Role of cGMP-Dependent Protein Kinase, cAMP-Dependent Protein Kinase, and Exchange
Protein Activated by cAMP in PDE1-Mediated Regulation of Collagen I Protein

PDE1 isozymes are dual specificity enzymes, which hydrolyze both cAMP and cGMP in

vitro. We then examined the effects of several common cyclic nucleotide effector molecules

on PDE1 inhibition-mediated collagen I reduction, including cGMP-dependent protein

kinase (PKG), cAMP-dependent protein kinase (PKA), and exchange protein activated by

cAMP (Epac). As shown in Supplemental Figure IVA, when PKG protein levels were

significantly downregulated with 2 different PKG-I short interfering RNA (siRNA)

duplexes, the effects of IC86340 on collagen I protein were not altered. The fact that

downregulation of PKG by siRNA blocked PKG-mediated VASP Ser239 phosphorylation

(Supplemental Figure IVB) indicates that the VSMCs have functional PKG. We obtained

very similar results when using the PKG inhibitor DT-3 or Rp-8-Br-PET-cGMPs to inhibit

PKG activity (Supplemental Figure IVC). These results suggest that activation of PKG is

not involved in PDE1-mediated regulation of collagen I protein degradation.

We next examined the role of PKA by expressing the endogenous PKA inhibitor protein

called PKI. As shown in Supplemental Figure VA, adenoviral mediated PKI expression did

not significantly alter IC86340-mediated reduction of collagen I compared with control or

LacZ expression. However, expression of PKI inhibited PKA-dependent phosphorylation of

Ser157 of VASP induced by cAMP analog Sp-8-CPT-cAMPs (Supplemental Figure VB),

suggesting that PKI is functional in blocking PKA activity.

Because cAMP can also activate Epac, we examined the effects of Epac stimulation and

inhibition on the ability of IC86340 to reduce collagen I protein. We found 2 Epac-specific
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activators, 8-CPT-2′-O-Me-cAMP and 8-pCPT-2′-O-Me-cAMP-AM, neither altered

collagen I reduction in response to IC86340 (Supplemental Figure VIA). In addition,

knocking down Epac1 using siRNA had no effect on IC86340-mediated collagen I reduction

(Supplemental Figure VIB and VIC). These data suggest that Epac1 is also not likely

involved.

Role of Cyclic Nucleotide Gated Channel in PDE1-Mediated Regulation of Collagen I
Protein

cAMP and cGMP can activate cyclic nucleotide gated (CNG) channels leading to

intracellular Ca2+ elevation,18 and Ca2+ might be important for lysosome-mediated

degradation.19,20 CNGs have been reported in vascular cells; however, their functions in

vasculature are unclear.21,22 Therefore, we investigated the potential involvement of CNG

using pharmacological CNG inhibitors. As shown in Figure 4A, 2′,4′-dichlorobenzamil, a

nonselective CNG channel blocker, prevented the effect of IC86340 on collagen I reduction.

In addition, another, more specific CNG channel blocker, L-cis-diltiazem, almost

completely reversed the effect of IC86340 on collagen I (Figure 4B). The fact that 2 very

different chemical inhibitors had similar results in IC86340-mediated collagen I reduction

strongly supports the role of CNG channels in the regulation of collagen I degradation.

Consistently, CNG channel blockers also abolished the effects of IC86340 on extracellular

collagen I (Figure 4C and 4D).

Role of Bicarbonate-Sensitive Soluble Adenylyl Cyclase in PDE1-Mediated Regulation of
Collagen I Protein

Bicarbonate-sensitive soluble adenylyl cyclase (sAC) has been shown to regulate V-ATPase

in germ cells and renal epithelial cells.23,24 Given that V-ATPase is critical for lysosome

function, we determined the role of PDE1 in the regulation of sAC signaling and collagen I

reduction. We found that sAC stimulus with bicarbonate at low doses (5 and 10 μmol/L) did

not affect collagen I protein, whereas high doses of bicarbonate (25 and 50 mmol/L)

gradually reduced collagen I protein (Figure 5A). In the absence of bicarbonate, 5 μmol/L of

IC86340 itself had no effect on collagen I protein. Interestingly, bicarbonate and IC86340

together synergistically reduced collagen I protein. The synergistic effect of bicarbonate and

IC86340 was blocked by the sAC inhibitor KH7 (Figure 5B). In addition, in the normal

bicarbonate-containing medium, the effect of IC86340 on collagen reduction was

diminished by KH7 (Figure 5C). Similar effects of KH7 on IC86340-mediated regulation of

collagen I protein were also observed in cultured human VSMCs (Supplemental Figure

VIIA), as well as in human SV explants cultured ex vivo (Supplemental Figure VIIB). These

results suggest that the effect of PDE1 inhibitor IC86340 on collagen I reduction likely

require the activation of sAC. We detected sAC expression in VSMCs via reverse

transcription–polymerase chain reaction. As shown in Supplemental Figure VIIIA, rat aortic

VSMCs express sAC at a level that is comparable to PC12 cells, in which sAC has been

shown to be functionally important.25,26 To specifically target sAC, we used sAC siRNA.

We found that downregulation of sAC with sAC siRNA (Figure 5D, right) significantly

attenuated the effects of IC86340 on collagen I protein, similar to KH7 (Figure 5D, left).
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To further confirm the involvement of cAMP, we used nonhydrolyzable cAMP analogs. We

found that 2 different cAMP analogs, Db-cAMP and Sp-8-CPT-cAMPs, significantly

reduced collagen I protein levels, similar to the PDE1 inhibitor IC86340 (Figure 5E). In

contrast, a cGMP analog (8-pCPT-cGMP) and a nitric oxide donor (S-nitroso-N-

acetylpenicallamine) had no effect on collagen I protein (Supplemental Figure VIIIB). These

data together suggest that cAMP but not cGMP regulates collagen I protein in VSMCs,

consistent with the role of sAC.

To examine the effect of PDE1 inhibition on intracellular cAMP, we analyzed cellular

cAMP via radioimmunoassay. We found that without bicarbonate stimulation, IC86340 did

not significantly change intracellular cAMP levels (Figure 5F), which is consistent with our

previous observation that IC86340 does not significant alter basal cAMP in VSMCs.6

However, with bicarbonate stimulation, IC86340 significantly elevated cAMP levels (Figure

5F).

These results together suggest that activation of sAC/cAMP signaling is essential for

collagen I degradation. PDE1 may represent a major PDE activity that terminates sAC/

cAMP signaling. Inhibition of PDE1 potentiates sAC/cAMP signaling and synergistically

promotes collagen I degradation.

PDE1C but Not PDE1A Regulates Collagen I Protein Degradation in VSMCs

Both PDE1A and PDE1C were detected in growing rat aortic and human SV VSMCs,

whereas PDE1B was minimally detected (Supplemental Figure IXA and IXB). To determine

the specific function of PDE1 isoform in the regulation of collagen I protein degradation, we

used isoform-specific short hairpin RNA (shRNA) via the adenoviral expression system. As

expected, PDE1A and PDE1C shRNA selectively knocked down PDE1A and PDE1C gene

expression, respectively (Supplemental Figure IXC). However, PDE1C shRNA but not

PDE1A shRNA significantly reduced the collagen I protein level (Figure 6A). Consistent

with IC86340, basal collagen I mRNA was not affected by PDE1A and PDE1C shRNA

(Supplemental Figure IXD). In addition, similar to IC86340, the effect of PDE1C shRNA on

collagen I protein was blocked by the lysosome inhibitor bafilomycin A1 or NH4Cl (Figure

6B), in the absence of sAC activator bicarbonate (Figure 6C), or in the presence of sAC

inhibitor KH7 (Figure 6D). Consistent with the role of PDE1C in synthetic VSMCs, we

observed an upregulation of PDE1C expression in VSMCs cultured on monomeric collagen

relative to polymerized collagen (Supplemental Figure IXE), and in cultured human SV

explants as compared with noncultured explants (Supplemental Figure IXF). These results

demonstrate that PDE1C but not PDE1A inhibition contributed to the effect of IC86340 on

collagen I reduction in synthetic VSMCs.

Discussion

In this study, we demonstrated that synthetic VSMCs associate with a high basal level of

collagen I. PDE1 plays a critical role in regulating the phenotype-associated basal collagen I

protein level via modulating lysosome-mediated collagen I protein degradation. Besides

agonist-stimulated collagen I gene expression, our finding suggests that regulation of

lysosome-mediated collagen I protein degradation represents one of the important
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mechanisms for controlling collagen I homeostasis in synthetic VSMC. Both PDE1A and

PDE1C are expressed in synthetic VSMCs and have been shown to regulate VSMC

growth.6,7 However, here we demonstrate that PDE1C but not PDE1A is specifically

involved in lysosome-mediated collagen I degradation. Together with our unpublished

observation that PDE1A but not PDE1C specifically regulates agonist-stimulated collagen I

mRNA expression in cardiac myofibroblasts (Miller C, Dikawa M, Cai Y, Yan C,

unpublished data, 2010), these data suggest that PDE1A and PDE1C differentially regulate

collagen I, probably through modulating distinctly compartmentalized cyclic nucleotide

pools.

In addition, we also demonstrate that the effect of PDE1 inhibition on collagen I degradation

appears to involve CNG channel activation. The expression of CNGs has been reported in

endothelial cells and VSMCs in vitro and in vivo21,22; however the function of these

channels in the vasculature is unknown. Our finding of CNG in collagen I degradation

indicates for the first time that the CNG channel(s) may play important roles in regulating

the nonsensory function. Although the mechanism by which CNG channel(s) involves

lysosome-mediated collagen I degradation remains to be investigated, it is known that CNG

channel activation leads to intracellular Ca2+ elevation,18 and Ca2+ might be critical in

phagosome-lysosome fusion19 and lysosome exocytosis.20 Finally, we demonstrated that the

activation of sAC/cAMP signaling is essential for collagen I degradation. PDE1C

specifically regulates sAC/cAMP signaling, which identifies PDE1C as the first PDE

isoform shown to modulate sAC/cAMP signaling. Taken together, our findings reveal a

novel mechanism for the regulation of collagen I in synthetic VSMCs by PDE1C/cAMP

through lysosome-dependent degradation of collagen I protein (Supplemental Figure XI)

and imply that PDE1C is an important regulator of collagen I metabolism and a potential

therapeutic target for vascular remodeling. It should be noted that despite these novel

findings, how sAC-PDE1C-cAMP signaling regulates lysosome function through CNG

channels remains to be investigated in the future.

Collagen I levels are controlled by both its biosynthesis and degradation. Biosynthesis of

collagen I is regulated mainly at the transcription level by growth factors and cytokines.27

Accumulating evidence demonstrates that degradation of collagen I is an important process

in both physiological (during developmental growth and wound healing) and pathological

circumstances.17 For example, excessive collagen I degradation causes tissue destruction,

whereas insufficient degradation leads to scar formation and fibrosis. Collagen I degradation

can occur either before or after secretion from cells. The pathways for degradation of

intracellular procollagen I molecules differ from those for extracellular fibrillar collagen I.

The intracellular degradation before secretion can occur in 2 different sites: the Golgi

apparatus and the lysosome.28 Also, secreted collagen I is degraded mainly by 2 consecutive

routes: proteolytic and phagocytotic. Proteolytic degradation occurs mainly through matrix

metalloproteinase–mediated cleavage.17 The resultant collagen I fragments are

phagocytosed by cells29 and degraded in lysosomes within the cell.17 It is believed that

during ECM remodeling, phagocytosis of collagen I fibrils by fibroblasts appears to be a

continuous process.17 In addition to the intracellular lysosome, evidence has also revealed

the existence of Ca2+-dependent exocytosis of lysosomes in many different tissues and cell

types and that the extracellular lysosome enzymes contribute to degradation of connective

Cai et al. Page 8

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2014 July 29.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



tissues.30 Although matrix metalloproteinase–mediated cleavage appears to be important for

collagen phagocytosis and degradation by lysosome,17 we found that the effect of PDE1

inhibition on collagen I degradation is unlikely through regulating matrix metalloproteinase

(Supplemental Figure X). Taken together, the lysosome appears to be a central player for

collagen I degradation, regardless of intracellular or extracellular mechanisms. This may

provide an explanation for our findings that intracellular and extracellular collagen I is

concomitantly regulated by the inhibitors of PDE1, CNG channel, and lysosome.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Effects of PDE1 inhibition on collagen I protein levels in human SV explants and VSMCs

cultured on polymerized or monomeric collagen matrix. A, Images of human SVs. Sections

of human SVs, before or after culture for 7 days in the presence of vehicle or 30 μmol/L

IC86340, were subjected to Verhoeff Masson Trichrome combination staining. Int indicates

intima; Med: media; Adv: adventitia. B, Western blotting showing IC86340 decreased

collagen I expression in cultured human SV. Collagen I protein levels were detected by

Western blotting using collagen I–specific antibody (kindly provided by Dr Fisher, National

Institutes of Health). Band intensities were quantified, and results are shown as mean±SD

(n=6). C, Collagen I protein levels in VSMCs cultured on polymerized collagen matrix or on

monomeric collagen matrix. D, The effect of IC86340 on collagen I expression. After being

cultured on polymerized or monomeric collagen with vehicle or 15 μmol/L IC86340 for 48

hours, cells were harvested, and the expression of collagen I and smooth muscle calponin

was examined by Western blotting.
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Figure 2.
PDE1 inhibitor IC86340 decreased collagen I protein levels. A and B, IC86340 dose-

dependently (A) and time-dependently (B) decreased collagen I expression. Rat aortic

VSMCs were plated for 24 hours and then treated with different doses of IC86340 for 24

hours or treated with vehicle or 15 μmol/L IC86340 for the indicated times. C, Western blot

showing that IC86340 decreased both intracellular and extracellular secreted collagen I

levels. VSMCs in the serum-free medium were treated with 15 μmol/L IC86340 for 24

hours. Collagen I protein levels in cell lysates or in culture medium were determined by

Western blotting. Band intensities were quantified and values are mean±SD of 3

independent experiments. D and E, Immunostaining images showing that IC86340

decreased both intracellular (D) and ECM (E) collagen I. For staining ECM collagen I, the

permeabilization step was omitted.
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Figure 3.
Lysosome inhibitors blocked IC86340-mediated collagen I reduction. A to C, Effects of

lysosome inhibitors on intracellular collagen I protein. Rat aortic VSMCs were pretreated

with vehicle or lysosome inhibitor 50 nmol/L bafilomycin A1 (A), 40 μmol/L chloroquine

diphosphate (B), or 10 mmol/L NH4Cl (C) for 30 minutes, followed by treatment with

vehicle or 15 μmol/L IC86340 for 24 hours. Intracellular collagen I expression was analyzed

by Western blotting. Band intensities were quantified, and values are mean±SD of 3

independent experiments. D and E, Effects of lysosome inhibitors on extracellular secreted

collagen I. Cells were treated in a manner similar to the procedures described above except

using serum-free medium. F to H, Effects of PDE1 inhibition on lysosome-like organelles.

Cells were treated with vehicle or 15 μmol/L IC86340 for 24 hours, labeled with

LysoTracker Red DND-99 or LysoSensor Yellow/Blue DND-160, and imaged with a

confocal microscope as described in Supplemental Methods.
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Figure 4.
Inhibition of CNG channels blocked IC86340-mediated collagen I reduction. VSMCs were

pretreated with vehicle or CNG channels inhibitors 50 μmol/L L-cis-diltiazem (A) or 5

μmol/L 2′,4′-dichlorobenzamil (B) for 30 minutes, followed by treatment of 15 μmol/L

IC86340 for 24 hours. The level of collagen I protein was detected by Western blotting.

Band intensities were quantified and values are mean±SD of 3 independent experiments. C

and D, Effects of CNG channel inhibitors on extracellular collagen I. Cells were treated in a

manner similar to the procedures described above except using serum-free Dulbecco’s

modified Eagle’s medium.
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Figure 5.
Role of bicarbonate-sensitive sAC in PDE1-mediated regulation of collagen I protein. A,

Synergistic effect of bicarbonate and PDE1 inhibitor IC86340 on collagen I protein

reduction. Rat aortic VSMCs were preincubated in bicarbonate-free medium overnight and

then stimulated with various doses of bicarbonate as indicated in the presence of vehicle or a

low concentration of IC86340 (5 μmol/L) for 24 hours. B, Effects of the sAC inhibitor KH7

on bicarbonate- and IC86340-induced collagen I reduction. VSMCs precultured in

bicarbonate-free medium were treated with or without 15 mmol/L bicarbonate, 5 μmol/L

IC86340, or both in the presence or absence of 10 μmol/L KH7. C, Effects of KH7 on

IC86340-induced collagen I reduction in VSMCs cultured in normal bicarbonate-containing

medium. VSMCs cultured in normal bicarbonate-containing medium were treated with

vehicle or 15 μmol/L IC86340 in the presence of vehicle or 10 μmol/L KH7. D, Effects of

sAC siRNA on IC86340-induced collagen I reduction. VSMCs were transfected with sAC

siRNA for 2 days and treated with vehicle or 15 μmol/L IC86340 in normal bicarbonate-

containing medium. sAC mRNA levels were measured by reverse transcription–polymerase

chain reaction. E, Effects of cAMP analogs on collagen I protein reduction. VSMCs were

treated with vehicle, 250 μmol/L Sp-8-CPT-cAMPs, or 500 μmol/L Db-cAMP. Levels of

collagen I were analyzed by Western blotting. Equal loading was confirmed by

immunoblotting for β-actin. The blots were analyzed by densitometry. Fold changes

normalized to the left lane are shown below the blots (n=2 to 3). F, Effect of PDE1

inhibition on intracellular cAMP. VSMCs precultured in bicarbonate-free medium were

stimulated with or without 15 mmol/L bicarbonate for 10 minutes in the presence of vehicle

or 15 μmol/L IC86340. Intracellular cAMP levels measured using a cAMP

radioimmunoassay. Values are mean±SD (n=4).
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Figure 6.
Downregulation of PDE1C but not PDE1A decreases collagen I protein. A, The effect of

PDE1A shRNA and PDE1C shRNA on collagen I protein. VSMCs were transduced without

or with Ad-LacZ shRNA, 100 multiplicity of infection Ad-PDE1A shRNA, or Ad-PDE1C

shRNA for 72 hours. Collagen I protein was evaluated by Western blotting. Band intensities

were quantified and values are mean±SD of at least 3 independent experiments. B, Effects

of lysosome inhibitors on PDE1C shRNA-induced collagen I protein reduction. Virus-

transduced VSMCs were treated with or without 50 nmol/L bafilomycin A1 or 10 mmol/L

NH4Cl for 24 hours. C, Effects of bicarbonate on PDE1C shRNA-induced collagen I protein

reduction. Virus-transduced VSMCs were precultured in bicarbonate free medium

overnight, followed with or without 25 mmol/L bicarbonate treatment for 24 hours. D,

Effects of the sAC inhibitor KH7 on PDE1C shRNA-induced collagen I protein reduction.

Virus-transduced VSMCs were cultured in normal bicarbonate-containing medium for 48

hours and then treated with vehicle or 10 μmol/L KH7 for 24 hours. Collagen I protein was

analyzed by Western blotting. The blots were analyzed by densitometry. Fold changes

normalized to the left lane are shown below the blots (n=2 to 3).
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