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Abstract

Rationale: The PTH/PTHrP receptor (PTH1R) is expressed in vascular smooth muscle (VSM), 

and increased VSM PTH1R signaling mitigates diet-induced arteriosclerosis in LDLR−/− mice.

Objective: To study the impact of VSM PTH1R deficiency, we generated mice SM22-

Cre:PTH1R(fl/fl);LDLR−/− mice (PTH1R-VKO) and Cre-negative controls (CON).

Methods and Results: Immunofluorescence and western blot confirmed PTH1R expression in 

arterial VSM that was reduced by Cre-mediated knockout. PTH1R-VKO cohorts exhibited 

increased aortic collagen accumulation in vivo, and VSM cultures from PTH1R-VKO mice 

elaborated more collagen (2.5-fold; p = 0.01) with elevated Col3a1 and Col1a1 expression. To 

better understand these profibrotic responses, we performed mass spectrometry on nuclear proteins 

extracted from CON and PTH1R-VKO VSM. PTH1R deficiency reduced Gata6 but upregulated 

the MADS-box transcriptional co-regulator, myocardin-related transcription factor A (Mkl1). Co-

transfection assays (Col3a1 promoter - luciferase reporter) confirmed PTH1R –mediated inhibition 

and Mkl1-mediated activation of Col3a1 transcription. Regulation mapped to a conserved hybrid 

CT(A/T)6GG MADS-box cognate in the Col3a1 promoter. Mutations of C/G’s in this motif 

markedly reduced Col3a1 transcriptional regulation by PTH1R and Mkl1. Upregulation of Col3a1 
and Col1a1 in PTH1R-VKO VSM was inhibited by siRNA targeting Mkl1, and by treatment with 
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the Mkl1 antagonist CCG1423 or the Rock2 inhibitor KD025. Chromatin precipitation 

demonstrated that VSM PTH1R deficiency increased Mkl1 binding to Col3a1 and Col1a1, but not 

TNF, promoters. Proteomic studies of plasma extracellular vesicles (EV) and VSM from PTH1R-

VKO mice identified C1r and C1s, complement proteins involved in vascular collagen 

metabolism, as potential biomarkers. VSM C1r protein and C1r message were increased with 

PTH1R deficiency, mediated by Mkl1-dependent transcription and inhibited by CCG1423 or 

KD025.

Conclusions: PTH1R signaling restricts collagen production in the VSM lineage in part via 

Mkl1 regulatory circuits that control collagen gene transcription. Strategies that maintain 

homeostatic VSM PTH1R signaling, as reflected in EV biomarkers of VSM PTH1R/Mkl1 action, 

may help mitigate arteriosclerosis and vascular fibrosis.
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INTRODUCTION

Arteriosclerosis and vascular fibrosis are pathobiological responses to conduit vessel 

inflammation, elicited by metabolic and mechanical insults that accrue with aging, lifestyle, 
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and genetic diathesis1–3. Hyperglycemia, hyperlipidemia, hypertension, and 

hyperphosphatemia are key contributors to arteriosclerotic disease biology. The metabolic 

syndrome – type 2 diabetes spectrum, either in the presence or absence of renal 

insufficiency, currently represents the most common clinical setting in which arteriosclerosis 

arises prematurely with age4. Studies by our group1 and others5–9 have shown that 

osteofibrogenic regulatory programs, similar to those that control bone formation, are 

ectopically activated the macrovasculature in response to diet-induced diabetes and 

dyslipidemia1, 9. As the molecular regulation of arterial osteofibrogenic matrix metabolism 

is revealed, pharmacologic or biologic strategies targeting these pathways afford therapeutic 

strategies to mitigate arteriosclerosis and its end-organ consequences (e.g. stroke, cognitive 

impairment, heart failure, myocardial infarction, renal insufficiency).

We previously demonstrated that (a) intermittent agonist-dependent activation or (b) 

transgene-mediated augmentation of vascular signaling via the receptor for parathyroid 

hormone (PTH) and PTH-related protein (PTHrP) suppressed aortic calcification, fibrosis 

and stiffness in a diet-induced arteriosclerosis model10. The PTH/PTHrP receptor, also 

known as PTH1R, regulates calcium phosphate homeostasis by conveying responses to its 

prototypic calciotropic ligands in the skeleton and in kidney tubules11. The PTH1R is also 

normally expressed in the cardiovascular system during development12. Global PTH1R 

deficiency in the mouse causes prenatal lethality due to cardiomyocyte apoptosis12. 

Diminished PTH1R activity also results in abnormal aortic valve morphogenesis13. In 

patients with mild primary hyperparathyroidism – a state of elevated circulating PTH that 

can induce PTH1R desensitization in VSM14 –cardiovascular mortality risk is increased 2.7 

fold15. In patients with primary hyperparathyroidism that warrants surgical intervention (age 

< 50, significant hypercalcemia, osteoporosis, renal insufficiency, and/or nephrolithiasis), 

surgical cure improves coronary flow reserve16 and flow-mediated arterial responses17. 

Thus, the PTH1R plays important roles in cardiovascular biology18.

To better understand the role of endogenous VSM PTH1R signaling in arteriosclerosis, we 

bred mice possessing floxed PTH1R alleles19 with SM22-Cre transgenic mice20 to 

conditionally delete the PTH1R in the VSM lineage. Since male LDLR−/−21 mice develop 

diet-induced obesity, diabetes, and arteriosclerosis on high fat diet22, comparison of SM22-

Cre:PTH1R(fl/fl):LDLR−/− with PTH1R(fl/fl);LDLR−/− control siblings affords the 

opportunity to evaluate how VSM PTH1R deficiency impacts diet-induced disease. We find 

that VSM PTH1R limits vascular fibrosis and fibrillar collagen gene expression, mediated in 

large part via the inhibition of myocardin-related transcription factor -A (Mrtfa or Mkl123) 

relays. We identify that, with VSM PTH1R deficiency, circulating extracellular vesicles 

(EVs) possess increased C1 complement proteins 24, 25 and reduced osteogenic signaling 

potential -- indicating that EV characteristics may prove useful for quantifying VSM 

PTH1R/Mkl1 signaling in health and disease.

METHODS

Major resources, methods, and supporting data are provided in online supplements.

Behrmann et al. Page 3

Circ Res. Author manuscript; available in PMC 2021 May 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The authors declare that all supporting data are available within the article and its online 

supplementary files. Any additional background information of interest concerning murine 

reagents, data or methods are available upon reasonable request.

RESULTS

1.1 Conditional deletion of the PTH1R in the VSM lineage increases aortic fibrosis and 
VSM collagen gene expression.

Transgenic expression of a ligand-independent, constitutively active variant of the PTH1R -- 

PTH1R(H223R) hence caPTH1R -- suppressed aortic calcification, fibrosis and stiffness 

when expressed in VSM of LDLR−/− mice fed high fat diabetogenic diets (HFD)10. 

However, the role of endogenous PTH1R signaling tone in cardiovascular sclerosis remained 

unknown. To better understand the role of VSM PTH1R actions in arteriosclerosis, we 

generated SM22-Cre;PTH1R(fl/fl);LDLR−/− mice, using the SM22 promoter as a delivery 

module for VSM Cre-mediated PTH1R excision19 in the VSM lineage20. Confocal 

immunofluorescence confirmed post-natal expression of endogenous PTH1R protein in 

VSM of murine aortas and coronary arteries, with little expression in myocardium (Figure 

1A, 1B). PTH1R expression in arterial VSM overlapped that of lineage markers smooth 

muscle cell alpha actin (Acta2) (Figure 1C; segmental renal artery, and data not shown), and 

calponin (Cnn1; Figure 1D; aorta). Acta2 was not expressed in PTH1R-expressing kidney 

tubules (Figure 1C). PTH1R and Cnn1 also colocalized in the fibrofatty aortic adventitia 

(Figure 1D), indicating expression in microvascular pericytes of the VSM lineage26. PTH1R 

expression was also detected in the medial layer of human artery (Online Figure I). 

Immunofluorescence confirmed reduction of arterial PTH1R protein in SM22-

Cre:PTH1R(fl/fl);LDLR−/− mice (Figure 1E). As first observed in male LDLR−/− mice, 

male SM22-Cre:PTH1R(fl/fl);LDLR−/− (PTH1R-VKO) and sibling PTH1R(fl/fl);LDLR−/− 

Cre-negative controls (CON) develop concomitant hyperglycemia and hyperlipidemia when 

fed HFD1 (Online Figures II–III). Hypercholesterolemia was slightly reduced while 

hyperglycemia was slightly increased in PTH1R-VKO mice vs. CON siblings (Online 

Figure II). However, aortas from PTH1R-VKO mice accumulate significantly increased 

fibrillar collagen protein as assessed by Sircol assay10, 27 (Figure 2A). Immunofluorescence 

for type I and type III collagens identified accumulation in intimal, medial, and adventitial 

compartments of both genotypes (Figure 2B, Online Figure IV). Aortic sinus atheroma, 

aortic calcification, and aortic stiffness were not increased with VSM PTH1R deficiency 

(Online Figures IV–V); thus, increased arterial fibrosis in PTH1R-VKO mice was uncoupled 

from calcification.

Primary VSM cultures were prepared from PTH1R-VKO mice and Cre-negative CON mice 

for in vitro mechanistic studies. Western blot analysis of VSM protein extracts confirmed 

reductions in PTH1R protein in PTH1R-VKO cultures (Figure 2C). Actions of PTH1R to 

restrict collagen production were demonstrated to be VSM cell-autonomous, deploying 

multiple methods to quantify fibrillar collagen expression. Primary cultures of VSM from 

PTH1R-VKO mice also exhibited more fibrillar collagen protein (viz., type I and type III on 

mass spectrometry and western blot), hydroxyproline content following acid hydrolysis, and 

associated collagen gene expression (Col1a1, Col1a2, Col3a1; Figures 2D, 2E, 2F, 2G, 2H). 
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Conversely, two genes associated with the early mineralizing phenotype, alkaline 

phosphatase (TNAP)28 and Col14a129, were down-regulated in PTH1R-VKO (Figure 2H), 

even though transcription factors associated with inflammatory VSM mineralization were 

increased (TNF, Msx2, Runx21). Uncoupling of fibrosis and mineralization was confirmed 

in culture, since PTH1R-VKO cells were deficient in TNAP activity and mineralized nodule 

formation (Online Figure VI). Acute downregulation of PTH1R by siRNA also upregulated 

Col1a1, Col1a2, and Col3a1 (synthetic) gene expression in VSM, with concomitant 

reduction of the mature (contractile) phenotypic markers Myh1130, 31 (Figure 2I), Mylk/
myosin light chain kinase and Cnn1/calponin (Online Figure VII). Thus, endogenous 

PTH1R expression in the VSM lineage mitigates vascular fibrosis arising in LDLR−/− mice 

fed diabetogenic HFD, mediated via cell-autonomous inhibition of type I and type III 

collagen gene expression.

1.2 Nuclear extracts from PTH1R-VKO VSM accumulate higher levels of Mkl1, a MADS-
box factor transcriptional co-activator.

To better understand the molecular mechanisms whereby PTH1R deficiency enhances the 

cell-autonomous synthetic phenotype of VSM, we analyzed nuclear protein –enriched 

extracts from PTH1R-VKO and CON VSM cultures by mass spectrometry, focusing upon 

transcription factors implicating in myofibroblast gene regulation. Ingenuity Pathway 

Analysis32 (IPA) of proteins differentially activated with VSM PTH1R deficiency resembled 

that of profibrotic TGFb1 activation (Online Figure VIII; activation Z score = +6.031, F-test 

p(overlap) = 3.12E-9, and 1.36E-6 with Benjamini-Hochberg correction33), even though 

TGFb1 itself was not altered. Transcriptional regulators previously shown to participate in 

fibrosis, including Mkl1/Mrtfa, Fli1, Runx2, and Gata6, were significantly altered in 

PTH1R-VKO VSM (Online Figure VIII and Online Table I). Label-free quantitation of 

protein abundance by LC-MS/MS indicated significant upregulation of Mkl1/Mrtfa – a 

transactivating co-adaptor for the Srf/Mef family of MADS-box binding proteins23 – in 

PTH1R-VKO cultures (Figure 3A). Fhl2, an integrin-regulated transcriptional co-adapter 

that can stabilize Mkl123, was also significantly increased (Figure 3A). Intriguingly, Fli1 and 

Gata6 – the latter an important regulator of the contractile VSM phenotype30, 31, 34 -- were 

down-regulated with PTH1R deficiency (Figure 3A). Changes were confirmed by Western 

blot (Figure 3B, Online Figure IX, and data not shown). Mkl1 staining was detected in 

nuclear and cytoplasmic domains of arterial VSM and atheroma of LDLR−/− mice on HFD 

(Online Figure X). To characterize the potential functional consequences, we systematically 

deployed RNAi targeting nuclear proteins altered by PTH1R deficiency, assessing Col1a1 
and Col3a1 expression. Targeting Fhl2 had no impact on Col1a1 and Col3a1 upregulation 

observed with PTH1R deficiency (Online Figure XI), and Fli1 siRNA had little impact (not 

shown). However, siRNA targeting Mkl1 significantly inhibited upregulation of Col1a1 and 

Col3a1 genes arising from VSM PTH1R deficiency (Figure 3C). Western blot analyses 

confirmed reductions in Mkl1 protein with siRNA targeting Mkl1 (Figure 3B). Mkl1 siRNA 

had no impact on Srf or Mef2d (Figure 3D). Of note, knockdown of Mkl1 increased Myh11 
gene expression in CON cells, but was inactive in PTH1R-VKO VSM where Myh11 
expression was greatly reduced (Figure 3D). LC-MS/MS analysis of extracts from PTH1R-

VKO VSM confirmed that the elevated Col1a1 and Col3a1 protein levels were reduced by 

siRNA targeting Mkl1 (Figure 3E). Likewise, treatment of cells with the Mkl1 inhibitor 
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CCG142335 also mitigated upregulation of collagen gene expression (Figure 3F). 

Furthermore, KD02536, an inhibitor of Rock2 kinase activity upstream of Mkl137, also 

reversed Col3a1 upregulation in PTH1R-VKO VSM (Online Figure XII). Thus, PTH1R 

deficiency upregulates Mkl1 transcriptional programs involved in VSM fibrillar collagen 

matrix biosynthesis.

1.3 Col3a1 inhibition by PTH1R and activation by Mkl1 maps to a proximal promoter 
region encompassing a hybrid CT(A/T)6GG MADS-box transcription factor element.

Type III collagen, a homotrimer encoded by the Col3a1 gene, plays a vital role in aortic 

matrix physiology and strength, with Col3a1 deficiency increasing aortic aneurysm (Ehlers-

Danlos Syndrome Type IV38). Surprisingly few studies have examined the Col3a1 promoter 

as relevant to tissue fibrogenesis39, 40. Analysis (ALGGEN41) of the mouse and human 

Col3a1 promoters identified a conserved 64 bp element at nucleotides −82 to −19 relative to 

the transcription start site40, encompassing a CT(A/T)6GG motif at −22 to −31 (Figure 4A). 

This motif is a hybrid Mef2/Srf MADS-box cognate42, and therefore a potential target of 

Mkl1-dependent transactivation and PTH1R-dependent inhibition. To better understand 

Col3a1 transcription, we cloned the 3 kB mouse Col3a1 promoter upstream of the luciferase 

(LUC) reporter gene, and examined its regulation by PTH1R and Mkl1. For these studies, 

we deployed the rat aortic VSM line A7r5, a cellular background that faithfully recapitulates 

key features of VSM gene transcription43, with confirmation of key findings in primary 

mouse and human aortic VSM. As shown in Figure 4B, the 3 kb Col3a1 promoter is active 

and suppressed by co-expression of the constitutively active PTH1R caPTH1R10, 44. 5’-

prime deletion analysis mapped regulation to the proximal 0.5 kb of the Col3a1 promoter 

(Figure 4B). A dinucleotide mutation of the CT(A/T)6GG motif to CT(A/T)6TT (TTmut3’) 
reduced the basal activity of the 3kb Col3a1 promoter, and abrogated suppression by 

caPTH1R. Similar results were observed in primary human aortic VSM and A7r5 rat aortic 

VSM (Figure 4B). Moreover, Col3a1 promoter activity was increased in transfected primary 

mouse aortic VSM from PTH1R-deficient mice, dependent upon the intact hybrid motif 

(Online Figure XIII). Almost identical results were obtained when a dinucleotide mutation 

was introduced into the 5’region of this element (TTmut5’; Figure 4A, Online Figure XIII). 

Similar promoter responses were observed in HEK293T cells (Online Figure XIV).

Mkl1 is a co-adapter for the SRF/MEF2 family of DNA binding proteins23. Like Mkl1, 

siRNA targeting Srf also reduced Col3a1 upregulation in response to PTH1R deficiency 

(Online Figure XV). Co-expression of Srf confirmed that Col3a1 promoter was controlled 

by this MADS-box factor and required the intact CT(A/T)6GG motif (Figure 4C), further 

establishing the functionality of this conserved element. Mkl1 co-expression upregulated 

Col3a1 promoter activity -- again dependent upon the intact CT(A/T)6GG cognate at –31 to 

–22 (Figure 4D, see Figure 4A) and inhibited by caPTH1R (Figure 4E). KD025 also 

inhibited Mkl1 activation of the Col3a1 promoter (Figure 4F) as predicted (Online Figure 

XII). Chromatin immunoprecipitation (ChIP) assays demonstrated significantly increased 

Mkl1 protein associated with chromatin at Col3a1 and Col1a1 transcriptional start sites in 

PTH1R-VKO primary VSM cultures – but with no change in the background signal at the 

TNF promoter (Figure 4G, negative control). Similarly, analysis41 of the mouse Col1a1 gene 

identified a CT(A/T)6GG cognate 12.5 kbp upstream of the transcription initiation site. This 
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Col1a1 element conveyed activation by Mkl1 onto an unresponsive heterologous RSV 

promoter, was inhibited by caPTH1R, and dependent upon the intact CT(A/T)6GG motif 

(Online Figure XVI). ChIP assay identified increased Mkl1 coactivator binding to this 

region in the Col1a1 promoter with VSM PTH1R deficiency (Online Figure XVI), as 

observed at the Col1a1 transcriptional initiation site (Figure 4G). Regulation of collagen 

promoter activity by Mkl1 in A7r5 VSM cells appears to be overlapping with, but distinct 

from, phosphoregulatory events in the RPEL145 and SAP - leucine zipper linker domains 

that control Mkl1 nuclear accumulation. Phosphomimetic amino acid substitutions shown to 

increase45 (PPLKSP PPLKAP) or decrease46 (STPPVSP SEPPVEP) nuclear Mkl1 

accumulation both reduced Col3a1 promoter activity to an extent equivalent to that with 

PTH1R-mediated inhibition (Online Figure XVII). Thus, PTH1R- and Mkl1-dependent 

transcriptional regulation of Col3a1 maps to a phylogenetically conserved proximal 

promoter element encompassing a functional hybrid42 MADS-box cognate. A similar, 

functional cognate is present in the Col1a1 promoter.

1.4 VSM lineage PTH1R deficiency increases C1r and C1s proteins in circulating plasma 
matrix vesicles.

We deployed DAVID47 to the analysis of proteomic results of proteins in plasma membrane 

fractions prepared from PTH1R-VKO vs. CON cells (n=3 / genotype, 10 ug protein 

analyzed per sample). We utilized a cutoff of p <0.01 for differences in protein abundance 

by LC-MS/MS between genotypes prior to analysis with DAVID. Of the 859 proteins 

meeting this threshold (Online Table II), 846 had DAVID IDs, with 302 of these (35.7%) 

with Gene Ontology Cell Component (GOTERM_CC) term of “Extracellular Exosome” 

(Benjamini-Hochberg / B-H corrected33 p value = 1.7E-61, 2.7-fold enrichment). Indeed, a 

plot of GOTERM_CC vs. –log10(B-H corrected P value) revealed that proteins with this 

annotation were the most significantly altered (Figure 5A). Exosomes are members of the 

family of extracellular vesicles (EVs), with sizes that range between 50 nm and 500 nm in 

diameter. EVs in the 30 nm to 500 nm size range and elaborated by VSM play critical roles 

in arterial matrix biology48. We hypothesized that circulating plasma EVs from SM22-

Cre;PTH1R(fl/fl);LDLR−/− mice might reflect the molecular signatures of arteriosclerotic 

VSM biology. Circulating plasma EV were prepared by differential centrifugation from 

SM22-Cre;PTH1R(fl/fl);LDLR−/− mice and PTH1R(fl/fl);LDLR−/− sibling controls on 

HFD (n = 5 males of each genotype). We then implemented Nanosight NS300 nanoparticle 

tracking49 to characterize and quantify these circulating EVs. Inspection revealed 2 

populations with peaks centered at ca. 60 nm and 150 nm in addition to likely protein 

aggregates < 30 nM (Online Figure XVIII). Enumeration revealed a 34% increase in 

circulating EVs in the 80 nm to 300 nm size range (Figure 5B; n = 5/genotype), and a non-

significant trend within the 30 nm- to 80 nm range (Online Figure XIX). The bioactivity of 

these EVs differs between PTH1R-VKO and CON mice. While not regulating Col3a1 or 

Myh11 gene expression, EVs induced TNAP and Osterix expression in VSM (Online Figure 

XX). Activity was significantly reduced in circulating EVs isolated from PTH1R-VKO mice 

(Online Figure XX), paralleling mineralization defects of primary VSM cultures from 

PTH1R-VKO mice (Online Figure VI).

Behrmann et al. Page 7

Circ Res. Author manuscript; available in PMC 2021 May 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



To better understand how VSM PTH1R deficiency impacts circulating EV composition, 10 

micrograms of EV protein from each animal (n=3 / genotype) was partially resolved by 

SDS-PAGE, then characterized by LC-MS/MS complex mixture analysis50. Using LC-

MS/MS label-free quantitation of protein abundance, and an initial p-value < 0.05 for cutoff, 

a total of 82 proteins were identified as significantly altered in PTH1R-VKO EVs vs CON 

EVs (Online Table III). Inspection rapidly identified the presence of complement proteins, 

confirmed by DAVID analysis47 wherein 17 (21.2%) of these mapped to KEGG annotation 

for “Complement and Coagulation Cascades” (Online Figure XXI; B-H corrected p = 

8.1E-21, 41 fold enrichment). Significant increases in C1r and C1s proteins in EVs from 

PTH1R-VKO mice (Figure 5C; C1ra and C1s1 in mouse) were of particular interest, since 

mutations in these proteins result in Ehlers-Danlos connective tissue syndromes (EDS) via 

unknown mechanisms25. As with EDS-associated COL3A1 mutations38, families with C1R 
EDS mutations are at risk for arterial dissection24, 25.

Because C1ra was increased in circulating EV populations in PTH1R-VKO mice, we 

examined protein and mRNA expression data from PTH1R-VKO and CON VSM cultures. 

Label-free quantitation of plasma membrane protein abundances by LC-MS/MS further 

confirmed increases in VSM C1ra with PTH1R deficiency (Figure 5D), paralleling increases 

in VSM fibrillar collagens (Figure 2). VDAC1 (voltage-dependent anion-selective channel), 

a housekeeping membrane protein51, was unaffected. Deploying a commercially available 

ELISA for mouse C1ra, we determined that C1ra accumulation in serum-free conditioned 

media was increased in PTH1R-VKO cultures vs. CON, and profoundly reduced by the 

Mkl1 inhibitor CCG1423 (Figure 5E). C1ra gene expression was significantly increased in 

PTH1R-VKO VSM (Figure 5F). The Mkl1 inhibitor CCG1423 almost completely reversed 

C1ra upregulation with VSM PTH1R deficiency (Figure 5F), as did treatment with KD025 

(Online Figure XXII)52. Inspection of the mouse C1ra promoter revealed a MADS-box 

cognate at −1926 to −1916 relative to the transcriptional start site53. The 3kb mouse C1ra 
promoter is also activated by Mkl1 and inhibited by PTH1R receptor signaling (Figure 5G), 

paralleling Col3a1 transcriptional responses above (Figure 4). Mkl1 activation of the C1ra 
promoter was inhibited by CCG1423 (Figure 5H) and KD025 (Online Figure XXIII). Thus, 

changes in the inhibitory PTH1R / Mkl1 signaling relay that control aortic VSM –mediated 

fibrosis and collagen gene expression also control VSM C1ra protein expression, reflected in 

circulating EV protein composition (Figure 6).

DISCUSSION

Vascular fibrosis is a feature of diabetes and other inflammatory diseases, a result of the 

synthetic activities of arterial VSM cells and myofibroblasts2, 3, 30. Hyperlipidemia and 

uremia, with or without diabetes, induce states of skeletal resistance to PTH1R signaling, 

with untoward actions on bone health18, 54. However, the impact of vascular PTH1R 

resistance and its consequence to cardiovascular health have not been examined, largely due 

to the lack of biomarkers that demarcate normal vascular PTH1R signaling tone. Of note, 

pharmacologic and genetic augmentation of VSM PTH1R signaling in the LDLR−/− mouse 

model of diet-induced dyslipidemia and diabetes reduces arteriosclerotic VSM actions10. We 

now extend these earlier results10 to show that endogenous VSM PTH1R signaling limits 

VSM collagen production, mediated via the cell-autonomous inhibition of Mkl1-dependent 
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transcriptional activation. This has therapeutic implications. Rock2 kinase functions 

upstream of Mkl1 and Stat3 activation, and is being targeted in several clinically relevant 

settings including idiopathic pulmonary fibrosis 52 and graft-vs-host disease55, and the 

inhibitor KD025 has had favorable outcomes in chronic graft-vs-host disease55. Our data 

indicate that the arterial fibrosis programs in the HFD-induced LDLR−/− mouse model 

significantly worsen in the absence of VSM PTH1R signaling and proceed via Mkl1. Thus, 

KD025 treatment may prove useful in the treatment of vascular fibrosis56. The unmet 

cardiovascular management needs of patients afflicted with chronic kidney disease (CKD) 

and concomitant resistance to PTH1R signaling are amongst the most salient57. CKD 

induces PTH1R resistance in part due to renally-cleared PTH metabolites that inhibit 

PTH1R activation57,58. Future experimentation will address whether KD025 could be 

repurposed to mitigate arteriosclerosis in CKD with or without diabetes. Moreover, since our 

data indicate that VSM lineage – dependent vascular fibrosls can be uncoupled from the 

extent of aortic calcification and atheroma formation, each feature of the arteriosclerotic 

phenotype must be assessed with therapeutic intervention.

Another novel and clinically-relevant result was that circulating EVs contain biomarkers 

reflecting VSM PTH1R activity. Currently, we have no molecular biomarker or 

physiological metric that demarcates a healthy set-point for vascular PTH1R signaling. 

Circulating EVs have emerged as “liquid biopsies” that contain cell-specific metabolic 

information in addition to important endocrine/paracrine regulatory cues59. We have 

identified C1r as one novel VSM target of PTH1R and Mkl1 regulation – studies first 

prompted from analyses of circulating EVs from PTH1R-VKO mice. The presence of C1r in 

circulating EVs caught our attention because mutations in C1r drive Type VIII Ehlers-

Danlos Syndrome (EDS). EDS is characterized a spectrum of mutations causing skin, 

skeletal, and vascular abnormalities arising from abnormal collagenous tissue 

metabolism24, 25, 38. The mechanism of C1r-associated EDS Type VIII is unknown, but 15% 

of patients exhibit aortic and cerebrovascular aneurysm or dissection24, 25. This is 

reminiscent of EDS Type IV arising from Col3a1 mutations; aortic rupture is responsible for 

>60% of deaths in afflicted families38. The role if any for C1r in arteriosclerosis is unknown. 

Nevertheless, the identification of C1r as a circulating EV constituent -- entrained to the 

same VSM PTH1/Mkl1 regulatory relay as Col3a1 -- reveals that EV C1r serves as one 

index of fibrotic VSM activity. As such, EVs could help guide dose-ranging studies during 

treatment for arteriosclerosis. C1r or a similar EV biomarker could also help establish the 

healthy VSM set-point for PTH1R signaling. Our studies demonstrating reduced TNAP 
induction by circulating EVs from PTH1R-VKO mice provide further support for this 

notion. Arterial VSM PTH1R signaling undergoes tachyphylaxis, with prior exposure down-

regulating subsequent PTH1R responses14. Sustained elevations in PTH -- as occurs with 

primary hyperparathyroidism or CKD -- are predicted to induce arterial PTH1R resistance14, 

but to date we have no index of vascular PTH1R signaling tone. Interestingly, in mild 

primary hyperparathyroidism, serum PTH levels track long-term cardiovascular mortality 

risk60. Future experiments will determine if hyperparathyroidism upregulates Mkl1, 

stimulates arterial collagen and C1r production, and increases circulating EV C1r levels as a 

reflection of compromised VSM PTH1R actions.
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Hybrid SRF/MEF2 CT(A/T)6GG CArG elements were discovered as a dual-specificity 

binding cognate encoded within the MyoD distal regulatory region (DRR) enhancer42. The 

DRR is central to postnatal expression of MyoD in skeletal muscle61 arising from satellite 

cells during regeneration42. As satellite cells mature to proliferative then post-proliferative 

myoblasts and differentiated myotubes, MyoD expression driven by the DRR switches from 

SRF-dependence to MEF2-dependence42. Approximately 200,000 hybrid cognates are 

predicted to exist in the mammalian genome, and have yet to be systematically characterized 

or widely recognized. Whether cell maturation-specific regulation 42 holds for all of these 

cognates -- or the functional cognates we newly identify -- remains to be examined. A 

prototypic CC(A/T)6GG CArG element identified in the proximal Col1a2 promoter is 

activated in cardiac fibroblasts with myocardial infarction62. Myocardial fibroblasts and 

adipose pericytes may also be held in check by PTH1R signals but this remains to be 

determined.

While gain-of-function VSM PTH1R signaling reduces both vascular fibrosis and 

calcification10, VSM PTH1R deficiency increased vascular fibrosis without increasing 

vascular calcification. This was independent of atheroma size. The reasons for the 

uncoupling of vascular fibrosis and calcification with VSM PTH1R deficiency have yet to be 

determined, but likely relate to impaired VSM expression of TNAP (Figure 2I). TNAP 
encodes an enzyme vital to osteogenic mineralization in skeletal and vascular venues28 

Intriguingly, deficiency in osteogenic signaling was also evident in the bioactivity of 

circulating EVs from PTH1R-VKO mice (Online Figure XX). Because paracrine signals are 

important activators of osteogenic mineralization22, an in-depth study of the PTH1R-

regulated VSM secretome -- including Wnt modulators associated with EVs48 -- promises to 

be enlightening. Indeed, circulating EVs suppress VSM Axin2, a target and inhibitor of Wnt 

signaling (Online Figure XX). However, origins of circulating EVs altered by VSM PTH1R 

deficiency remain to determined. The SM22-Cre transgene is expressed broadly in the VSM 

lineage -- including pericytic adipocyte progenitors26 -- and bidirectional paracrine EV 

cross-talk occurs between the endothelium and adjacent mesenchyme in adipose49. This may 

be relevant to fibrosis involving the adventitial-medial junction as well as the intima and 

media (Figure S4, and ref. 10).

Our data point to arterial calcification10, 22, 63 as a key determinant of aortic stiffness in the 

LDLR−/− mouse model1. The osteogenic phenotype of mesenchymal cells is favored on 

matrices with stiffness of 25 – 40 kPa64 (below the optimal fibrogenic stiffness of > 100 

kPa64). Thus, aberrant mechanosensation65 in PTH1R-VKO mice may uncouple 

fibrogenesis and mineralization. However, reciprocal changes in synthetic (collagens) and 

contractile (Myh11, Mylk, Cnn1) programs30, 31 with reduced osteogenic calcification 

highlight a broader impact on the VSM phenotype. Dysregulated SRF/Mkl1 signaling itself 

inhibits cell-type-specific gene expression that defines differentiation66. Chronically 

increased Mkl1 activity is predicted to inhibit both myogenic and osteogenic potential with 

VSM phenotypic modulation, and normal VSM PTH1R signaling supports cell-type-specific 

terminal differentiation (e.g., Myh11, Figures 2I, 3D) while limiting fibrosis. PTH1R-

dependent support of Gata6 will also be important34.
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There are limitations to our study. While we discover a novel VSM cell-autonomous PTH1R 

– Mkl1 transcriptional relay that controls vascular fibrosis, the precise molecular 

mechanisms remain to be elucidated. Mkl1 is controlled by interactions with cytoplasmic 

and nuclear G-actin pools that determine Mkl1 nuclear export/import cycling and 

transactivation23. The observation that CCG142335 and Mkl1 phosphomimetic mutations 

within RPEL1 and SAP-leucine zipper linker domains phenocopy caPTH1R actions suggest 

mechanisms are overlapping yet distinct from G-actin regulation45, 46. Future studies will 

emphasize Mkl1 protein-protein interactions and turnover as regulated by PTH1R activity. 

Because Wnt/beta-catenin relays are also important in regulating VSM Col1a110 and Col3a1 
(Online Figure XXIV and 10), beta-catenin interactions with Mkl1 complexes will be 

examined. Nevertheless, our data demonstrate that endogenous PTH1R signaling restricts 

arterial collagen production by the VSM lineage, mediated in part via a novel Mkl1 

transcriptional relay that controls type III and type I collagen gene expression and reflected 

in circulating EV biochemistry. As such, this pathway affords new strategies to maintain and 

monitor homeostatic VSM PTH1R/Mkl1 signaling as a therapeutic approach to mitigate 

vascular fibrosis.
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Nonstandard Abbreviations and Acronyms:

A7r5 vascular smooth muscle cell line derived from thoracic 

aorta of embryonic rats

B-H Benjamini-Hochberg correction for false discovery rate

C1ra complement component 1, r subcomponent A

C1s1 complement component 1, s subcomponent 1

CArG box C-A/T rich –G DNA binding motif CC(A/T)6GG, CT(A/

T)6GG

CCG1423 Mkl1/Srf inhibitor

ChIP chromatin immunoprecipitation

CKD-MBD chronic kidney disease – mineral and bone disorder

CMV cytomegalovirus promoter/enhancer vector
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Col1a1 type I alpha(1) collagen

Col3a1 type III alpha(1) collagen

Col14a1 type XIV alpha(1) collagen

CON control mice, viz., PTH1R(fl/fl);LDLR−/− mice

Cre causes recombination, bacteriophage P1 recombinase

DAPI 4′,6-diamidino-2-phenylindole

DAVID Database for Annotation, Visualization and Integrated 

Discovery

EDS Ehlers-Danlos Syndrome

EVs extracellular microvesicles in the 30 to 500 nm diameter 

range

Fhl2 four and a half LIM domains 2fh2

G-actin globular actin

HFD high fat diet, Harland TD.88137 Western diet

IPA Ingenuity Pathway Analysis

KD025 a Rock2 kinase family inhibitor

LC-MS/MS liquid chromatography – tandem mass spectrometry

LDLR low density lipoprotein receptor

LUC luciferase reporter

MADS MCM1, Agamous, Deficiens, and Srf DNA binding 

domain

MEF2 myocyte enhancer factor 2

Mkl1 megakaryoblastic leukemia (translocation) 1, a.k.a. Mrtfa

Mrtfa myocardin related transcription factor -A, a.k.a. Mkl1

Myh11 smooth muscle specific myosin heavy chain 11

Mylk myosin light chain kinase

Msx2 muscle segment homeobox 2

Osx osteoblast transcription factor osterix, a.k.a. Sp7

PPARG peroxisome proliferator activated receptor gamma

PTH parathyroid hormone
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PTH1R PTH/PTHrP receptor

PTHrP parathyroid hormone related polypeptide

PTH1R(fl/fl) PTH1R gene floxed, e.g. flanked by lox P

PTHR1-VKO PTH1R VSM conditional knockout on LDLR−/− 

background; SM22-Cre;PTH1R(fl/fl);LDLR−/−

RNAi RNA interference

Rock2 Rho associated coiled-coil containing protein kinase 2

RPEL domain Arg-Pro-Glu-Leu repeat domain that binds globular actin

RSV Rous Sarcoma Virus

Runx2 Runt-related transcription factor 2

SAP domain, SAF-A/B Acinus, and PIAS domain

SDS-PAGE sodium dodecyl sulfate – polyacrylamide gel 

electrophoresis

siRNA small interfering RNA

SM22-Cre transgene expressing bacterial Cre recombinase from 

SM22 (transgelin) promoter

Srf serum response factor

TBS Tris-buffered saline

TNAP bone-liver-kidney alkaline phosphatase a.k.a. tissue non-

specific alkaline phosphatase

TNF tumor necrosis factor

VDAC Voltage-dependent anion-selective channel

VKO VSM knockout

VSM vascular smooth muscle lineage
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NOVELTY AND SIGNIFICANCE

What Is Known?

• Dysmetabolic states such as hyperlipidemia, hyperparathyroidism, and type 2 

diabetes with or without chronic kidney disease increase cardiovascular 

fibrosis, mediated in part via upregulation of osteofibrotic gene regulatory 

programs best characterized in the skeleton.

• The receptor for the prototypic bone anabolic hormones, parathyroid hormone 

(PTH) and PTH-related polypeptide, is expressed in arterial vascular smooth 

muscle. However, role of endogenous PTH1R activity in cardiovascular 

disease is poorly characterized.

• Signaling via the PTH/PTHrP receptor, a.k.a. PTH1R, is perturbed in 

hyperparathyroidism, hyperlipidemia, diabetes and chronic kidney disease – 

settings of increased cardiovascular morbidity and mortality.

What New Information Does This Article Contribute?

• Conditional deletion of the PTH1R in the vascular smooth muscle lineage 

causes increased cardiovascular fibrosis in the LDLR-deficient mouse model 

of diet-induced hyperlipidemia, diabetes, and arteriosclerosis.

• Novel hybrid serum response factor/monocyte enhancing factor 2 (Srf/Mef2) 

cognates are identified in Col3a1 and Col1a1 genes that mediate the inhibitor 

response to vascular smooth muscle PTH1R activity.

• Mkl1, a transcriptional co-adapter of Srf is shown to be negatively regulated 

by PTH1R signaling in vascular smooth muscle.

• Protein constituents of circulating extracellular vesicles are altered by the loss 

of vascular smooth muscle PTH1R and reflect pro-fibrotic Mkl1 signaling.

• Discovery of these connections may lead to strategies to monitor and mitigate 

cardiovascular complications in metabolic diseases where PTH1R signaling is 

altered.

The receptor for the bone anabolic hormones PTH and PTHrP is expressed throughout 

the arterial tree, but its role in cardiovascular disease is poorly characterized. Using Cre-

loxP approaches, we conditionally deleted this receptor, the PTH1R, in the vascular 

smooth muscle (VSM) lineage in transgenic mice. We demonstrate that the PTH1R limits 

arterial fibrosis in the murine LDLR-deficient model of diet-induced diabetes, 

dyslipidemia, and arteriosclerosis. VSM PTH1R inhibits binding of Mkl1 to hybrid Srf/

Mef2 cognates in the Col3a1 and Col1a1 genes, and PTH1R antifibrotic actions are 

mimicked by inhibition of Mkl1. Mass spectrometry demonstrates that the composition 

of circulating extracellular vesicles from LDLR−/− mice lacking VSM PTH1R is altered. 

Expression of one of these proteins, complement component 1 (C1r) is shown to be 

entrained to the VSM PTH1R--|Mk11 signal relay controlling Col3a1 and Col1a1 
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expression. Discovery of this connection may lead to novel approaches to monitor and 

inhibit arterial fibrosis.
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Figure 1: PTH1R protein accumulation is detected in arterial smooth muscle, and is decreased in 
SM22-Cre:PTH1R(fl/fl);LDLR−/− mice.
Panel A, in adult male LDLR−/− mice, PTH1R protein is visualized by confocal 

immunofluorescence in VSM cells within the media (white arrow) of aorta (yellow asterix) 

and coronary arteries. Little signal is seen in adjacent myocardium (white arrowhead). Panel 

B, higher magnification. Panel C, PTH1R protein was detected in medial VSM of interlobar 

arteries of the kidney, co-localizing (white arrowheads) with Acta2. PTH1R protein was also 

detected in adjacent renal tubules that do not express Acta2 (white arrows). Panel D, PTH1R 

protein is detected in the tunica media of mouse aorta, colocalizing with the VSM protein 

Cnn1 (white arrow). Colocalization of PTH1R with Cnn1 was also noted in the adjacent 

fibrofatty adventitia, indicating expression in microvascular pericytes or myofibroblasts. 

Panel E, aortic VSM, adventitial, and aortic valve interstitial PTH1R immunoreactivity is 

decreased in SM22-Cre:PTH1R(fl/fl);LDLR−/− mice vs. PTHR(fl/fl);LDLR−/− controls. 

Bracket, periaortic adventitia; thin arrows, aortic tunica media; thick arrow, aortic valve 

leaflet; yellow asterix, aortic lumen. Scale bar, 100 microns.
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Figure 2: Fibrillar collagen accumulation is increased in SM22-Cre:PTH1R(fl/fl);LDLR−/− mice 
fed HFD as compared to PTH1R(fl/fl);LDLR−/− controls.
Male LDLR−/− mice of the indicated genotypes were fed HFD for 3 months beginning at 6 

– 8 weeks of age. Thoracic aortic collagen was extracted and quantified, and aortic collagen 

visualized as in Methods. In parallel, primary aortic VSM were prepared from other cohorts 

for in vitro studies. Panel A, aortic collagen was significantly increased in SM22-

Cre:PTH1R(fl/fl);LDLR−/− mice (PTH1R-VKO) vs. PTH1R(fl/fl);LDLR−/− controls 

(CON). Panel B, type I collagen accumulates in the media (yellow arrows), atheromas 

(green arrows), and valve leaflets (red arrows) in both SM22-Cre:PTH1R(fl/fl);LDLR−/− 
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and PTH1R(fl/fl);LDLR−/− cohorts. Histology confirm this fibrosis pattern including the 

adventitial-medial junction (Online Figure V). Panel C, western blot confirms PTH1R 

protein is decreased in extracts from SM22-Cre:PTH1R(fl/fl);LDLR−/− primary VSM. 

Panel D, collagen accumulation is increased in aortic VSM cultures from SM22-

Cre:PTH1R(fl/fl);LDLR−/− mice vs. PTH1R(fl/fl);LDLR−/− controls, evident in Sircol (left 

panel) and hydroxyproline (right panel) assays. Panel E, aortic VSM cultures were prepared 

from male mice of the indicated genotypes. Plasma membrane extracts were prepared from 

independent triplicate cultures, partially resolved by SDS-PAGE (6.5 ug protein/sample), 

processed by in-gel proteolysis, and tryptic peptides analyzed and quantified by LC-MS/MS. 

Col1a1, Col1a2, and Col3a1 protein levels were significantly increased in aortic VSM 

cultures from SM22-Cre:PTH1R(fl/fl);LDLR−/− mice vs. controls. Panel F, western blot 

confirmed increases in type I and type III collagen with PTH1R deficiency. Lower panel, 

digital image analysis of western blot. Panel G, Col1a1 and Col3a1 mRNAs increased with 

VSM PTH1R deficiency. Panel H, TNAP and Col14a1, expressed in mineralizing 

osteoblasts, were decreased, even though other inflammatory osteogenic programs (TNF, 

Msx2, Runx21) were upregulated. Panel I, siRNA targeting PTH1R in aortic VSM cultures 

upregulated Col1a1 and Col3a1. Myh11 was concomitantly reduced. N = 7 per genotype in 

panel A, n =3 per genotype all other panels. Statistical analyses panels A, C, and D: 

unpaired 2-tailed t-tests. Panels E-I: 2-tailed unpaired t-test, with Holm-Sidak adjusted p-

values for multiple comparisons (4 comparisons panel E, 2 panel F, 4 panel G, 6 panel H, 5 

panel I). Significant p <0.05, nonsignificant p > 0.05 in all testing. All RT-qPCR analyses 

were repeated in at least one independent replicate experiment.
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Figure 3: Mkl is increased in nuclear protein extracts prepared from SM22-Cre:PTH1R(fl/
fl);LDLR−/− aortic VSM, and mediates Col1a1 and Col3a1 upregulation with VSM PTH1R 
deficiency.
Aortic VSM cultures were prepared from male mice of the indicated genotypes, and cultured 

as in Methods. Nuclear extracts were prepared from independent triplicate cultures, partially 

resolved by SDS-PAGE (8 ug/sample), processed by in-gel proteolysis, and tryptic peptides 

analyzed and quantified by LC-MS/MS. Panel A, LC-MS/MS revealed that nuclear Mkl1 

and Fhl2 protein levels were significantly increased, while Fli1 and Gata6 levels were 

decreased, with VSM PTH1R deficiency. Lamin B1 and Mef2d were not altered. Panel B, 
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western blot confirmed upregulation of Mkl1 protein with PTH1R deficiency. Note that 

siRNA targeting Mkl1 reduced Mkl1 protein levels. Panel C, siRNA targeting Mkl1 
profoundly inhibited upregulation of Col1a1 and Col3a1 mRNA accumulation in SM22-

Cre:PTH1R(fl/fl);LDLR−/− (PTH1R-VKO) VSM cultures. Panel D, while Srf and Mef2, 

were unchanged, Myh11 was reduced. Note that Mkl1 siRNA increased Myh11 mRNA in 

intact, but not in PTH1R –deficient VSM. Panel E, Mkl1 siRNA significantly reduced 

Col1a1 and Col3a1 protein levels (n = 3 / group, 16 ug protein/sample) in plasma membrane 

extracts from SM22-Cre:PTH1R(fl/fl);LDLR−/− VSM cultures. The housekeeping protein 

VDAC1 was not affected. Panels A, B, E, and F, n = 3 per group; panels C-D, n = 4 per 

group. Statistical analyses panels A and E: 2-tailed unpaired t-test, with Holm-Sidak 

adjusted p-values for multiple comparisons (6 comparisons panel A, 3 comparisons panel E). 

Panels C, D, and F: one-way ANOVA with Holm-Sidak adjusted p-values used in post-hoc 

testing to correct for multiple comparisons. All RT-qPCR analyses were repeated in at least 

one independent replicate experiment.
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Figure 4: A hybrid Srf/Mef2 cognate in Col3a1 promoter conveys transcriptional responses to 
PTH1R and Mkl1.
Panel A, a 64 bp element in the proximal Col3a1 promoter is perfectly conserved between 

mice and humans. The hybrid42 Srf/Mef2 cognate CT(A/T)6GG element is underlined. 

Col3a1 promoter 3’-deletions and point mutations are also indicated. Numbering is per the 

mouse promoter40. Panel B, expression of the constitutively active PTH1R (caPTH1R10, 44) 

suppresses Col3a1 promoter activity in both A7r5 rat aortic VSM cells (left panel, n = 3 per 

group) and human primary aortic VSM cells (right panel, n = 6 per group). Dithymidine 

substitution in the 3’-region of the hybrid cognate, made within the context of the 3kb 
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Col3a1 promoter, reduces abolished significant caPTH1R regulation. Panel C, Srf activates 

the Col3a1 promoter, dependent upon the intact hybrid Srf/Mef2 cognate (n= 3 per group). 

Panel D, Mkl1 expression activates the Col3a1 promoter, dependent upon the intact hybrid 

cognate (n = 3 per group). Panel E, Col3a1 promoter activation is inhibited by co-expression 

of the caPTH1R (n = 3 per group). Panel F, the Rock2 kinase inhibitor reverses Mkl1 

activation of the Col3a1 promoter (n = 3 per group). Panel G, as compared to control (CON; 

n = 4 / group) Mkl1 binding to nuclear Col3a1 and Col1a1 proximal promoter chromatin is 

significantly increased with VSM PTH1R deficiency (PTH1R-VKO; n = 6 /group) as 

quantified by ChIP assay. The background ChIP signal at the TNF promoter was unaffected. 

Statistical analyses panels B-G: one-way ANOVA with Holm-Sidak adjusted p-values used 

in post-hoc testing to correct for multiple comparisons. All promoter analyses by luciferase 

assays were confirmed in at least 1 independent experiment.
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Figure 5: The complement protein C1ra is upregulated in circulating EVs from PTH1R-VKO 
mice, and reciprocally regulated by Mkl1 and PTH1R signaling in aortic VSM.
Primary aortic VSM cultures were prepared from male mice of the indicated genotypes. 

Plasma membrane extracts were prepared from independent triplicate cultures, partially 

resolved by SDS-PAGE, processed by in-gel proteolysis, peptides identified and quantified 

by LC-MS/MS, and analyzed using DAVID. Panel A, graphing of Gene Ontology (GO) 

terms vs. –log10(correct P) value, ranked from highest to lowest, for proteins significantly 

altered with PTH1R deficiency. Proteins involved with exosome biology were significantly 

represented. Panel B, EVs were isolated from fasting SM22-Cre:PTH1R(fl/fl);LDLR−/− and 
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PTH1R(fl/fl);LDLR−/− following 3 months HFD challenge, and characterized by 

nanoparticle tracking analysis (n =5 / genotype). EVs of 80–300 nm diameter were 

significantly increased with VSM PTH1R deficiency. Panel C, 10 ug of plasma EV protein 

prepared from individual animals (n = 3 per genotype) was analyzed by LC-MS/MS (Online 

Table IV). C1ra and C1s1 were significantly increased. Panel D, VSM membrane fractions 

(Figure 2E above) also exhibited significantly increased C1ra protein. Panel E, the Mkl1 

inhibitor CCG1423 reduced C1ra protein accumulation in conditioned media of PTH1R-

deficient VSM. Panel F, C1ra was upregulated in PTH1R-deficient VSM, and reduced by 

CCG1423. Panel G, the C1ra promoter is upregulated by Mkl1, and inhibited by caPTH1R 

in HEK293T cells. Panel H, upregulation of C1ra promoter activity by Mkl1 in A7r5 VSM 

is inhibited by the Mkl1 inhibitor CCG1423. Panel B, n = 5 / genotype as shown. Panels C – 

H, n = 3 per group. Statistical analyses panels B - D: 2-tailed unpaired t-tests, with Holm-

Sidak adjusted p-values for multiple comparisons (1 comparison panel B, 2 comparisons 

panel C, 3 comparisons panel D). Panels E-H: one-way ANOVA with Holm-Sidak adjusted 

p-values used in post-hoc testing to correct for multiple comparisons.
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Figure 6: A working model for VSM PTH1R –dependent mitigation of arterial fibrosis.
In a cell-autonomous fashion, endogenous PTH1R activity restrains Mkl1 expression and 

activity that supports VSM collagen expression via novel hybrid42 MADS-box elements. 

Changes in VSM PTH1R signaling tone, mediated in part by Mkl1 modulation, are reflected 

in circulating EV C1r protein and EV-mediated osteogenic gene regulation. The mechanisms 

whereby PTH1R deficiency uncouples fibrosis vs. osteogenic mineralization, while 

supporting VSM contractile phenotype, remain to be determined -- but likely involve 

dysregulated Srf/Mkl1 actions66 that reduce expression of differentiation-specific genes 

(myogenic and osteogenic) while driving fibrosis during VSM phenotypic modulation. 

Strategies that directly (CCG1423) or indirectly (KD025) inhibit cell-autonomous Mkl1 
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actions are predicted to mitigate arterial fibrosis arising from impaired PTH1R 

signaling18, 54, 56.
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