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Abstract

Rationale—Wnt signaling regulates key aspects of diabetic vascular disease.

Objective—We generated SM22-Cre;LRP6(fl/fl);LDLR-/- mice to determine contributions of 

Wnt co-receptor LRP6 in the vascular smooth muscle lineage (VSM) of male LDLR-null mice, a 

background susceptible to diet (HFD) - induced diabetic arteriosclerosis.

Methods and Results—As compared to LRP6(fl/fl);LDLR-/- controls, SM22-Cre;LRP6(fl/

fl);LDLR-/- (LRP6-VKO) siblings exhibited increased aortic calcification on HFD without 

changes in fasting glucose, lipids, or body composition. Pulse wave velocity (index of arterial 

stiffness) was also increased. Vascular calcification paralleled enhanced aortic osteochondrogenic 

programs and circulating osteopontin (OPN), a matricellular regulator of arteriosclerosis. Survey 

of ligands and Frizzled (Fzd) receptor profiles in LRP6-VKO revealed upregulation of canonical 

and noncanonical Wnts alongside Fzd10. Fzd10 stimulated noncanonical signaling and OPN 

promoter activity via an USF-activated cognate inhibited by LRP6. RNAi revealed that USF1 but 

not USF2 supports OPN expression in LRP6-VKO VSM, and immunoprecipitation confirmed 

increased USF1 association with OPN chromatin. ML141, an antagonist of cdc42/Rac1 

noncanonical signaling, inhibited USF1 activation, osteochondrogenic programs, alkaline 

phosphatase, and VSM calcification. Mass spectrometry identified LRP6 binding to protein 

arginine methyltransferase (PRMT) - 1, and nuclear asymmetric dimethylarginine modification 

was increased with LRP6-VKO. RNAi demonstrated that PRMT1 inhibits OPN and TNAP while 

PRMT4 supports expression. USF1 complexes containing the H3R17Me2a signature of PRMT4 
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are increased with LRP6-VKO. Jmjd6, a demethylase downregulated with LRP6 deficiency, 

inhibits OPN and TNAP expression, USF1:H3R17Me2a complex formation and transactivation.

Conclusions—LRP6 restrains VSM noncanonical signals that promote osteochondrogenic 

differentiation, mediated in part via USF1- and arginine methylation – dependent relays.
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INTRODUCTION

Hyperglycemia, hyperlipidemia, and uremia accelerate vascular aging, compromising 

arterial function necessary for normal blood flow, metabolism and tissue homeostasis1. 

Along with hypertension these dysmetabolic states induce arteriosclerotic stiffening, thereby 

reducing vascular compliance that underlies Windkessel physiology -- elasticity of conduit 

vessels that ensures smooth distal tissue perfusion throughout the cardiac cycle1. 

Atherosclerotic burden, mural thickening and fibrosis, medial calcification, elastin 

fragmentation, non-enzymatic matrix crosslinking, and endothelial dysfunction are features 

of arteriosclerotic aging. Multiple labs have now identified bone morphogenetic proteins 

(BMPs) and Wnts – polypeptides that convey paracrine cues during skeletal morphogenesis 

– as pathogenic signals in arteriosclerotic calcification2–7. In studies of LDLR-/- mice fed 

high fat diabetogenic8 diets (HFD) typical of western societies, we identified that osteogenic 

Msx-Wnt signaling cascades are ectopically activated in the vasculature with concomitant 

induction of diabetes8, obesity, and arterial calcification5. Expression of the osteoblast 

transcription factor Msx2 in mural myofibroblasts was shown to be activated by 

inflammatory signals that support arterial mineralization2, 5. Conditional deletion of Msx2 

and Msx1 in the vascular smooth muscle and myofibroblast (VSM) lineage reduces 

arteriosclerotic calcification and vascular stiffening, with down-regulation of multiple Wnt 

ligands conveying canonical and noncanonical actions, including Wnt7b, Wnt5a, and Wnt2
9. In the mesenchymal lineage, Wnt7b induces osteogenesis via both pathways10, 11. 

Intriguingly, when expressed in the endothelial cell (EC) lineage, Wnt7b stabilizes the EC 

phenotype and thereby restrains mesenchymal expression of Msx210. While Wnt16 limits 

chondroid programing of VSM6, Wnt5a promotes osteochondral differentiation4. Thus, Wnt 

signals emerge as important contributors to vascular disease biology.

The panoply of Wnt receptors regulating vascular sclerosis is only beginning to be 

investigated. In broad terms, the 10 members of the Frizzled (Fzd) family of Wnt receptors 

form complexes with either (a) LDL receptor related proteins LRP5 and LRP612; or (b) 

other signaling proteins (ROR2, Celsr)13 to activate canonical or noncanonical signaling 

pathways, respectively. Additionally, LRP5 stimulates aerobic glycolysis through pathways 

independent of canonical β-catenin mechanisms14, and Aaronson introduced the notion that 

LRP6 could restrain noncanonical cascades15. Rajamannan demonstrated that LRP5 

supports valve calcification in the apolipoprotein E-null mouse16. While LRP5 and LRP6 

exhibit redundant roles during prenatal skeletal development17, human genetics suggest that 
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LRP6 might play a uniquely important role in postnatal atherosclerosis and osteoporosis18 

and bone-vascular interactions19.

To better understand the role of the vascular LRP6 Wnt receptor in arteriosclerosis, we 

utilized the SM22-Cre transgene20 to delete VSM LRP621 in LDLR-/- mice. We discover 

that LRP6 restrains noncanonical signals that drive VSM osteochondrogenic programs in 

male LDLR-/- mice fed HFD8, 9, mediated in part via USF1- and protein arginine 

methylation- dependent relays.

METHODS

See online Supplement.

RESULTS

Conditional deletion of LRP6 in VSM accentuates aortic calcification in LDLR-/- mice fed 
HFD, increases vessel stiffening and promotes ectopic arterial expression of the 
osteochondrogenic phenotype

LRP6 is expressed in the arterial vasculature22, primarily in mural VSM and fibrous caps of 

atherosclerotic lesions in the aortic sinus of LDLR-/- mice fed HFD (Figure 1A, 1B; Online 

Supplement Figures I–II). To better understand the role for LRP6 in the biology of 

arteriosclerotic calcification, we generated SM22-Cre;LRP6(fl/fl);LDLR-/- mice, 

conditionally depleting LRP6 in the VSM lineage in male LDLR-null mice, a background 

susceptible to HFD – induced diabetes and arteriosclerotic calcification23. As shown in 

Figure 1B, following a 3 month challenge with HFD, arterial calcification was increased in 

SM22-Cre;LRP6(fl/fl);LDLR-/- mice as compared to LRP6(fl/fl);LDLR-/- sibling controls, 

with calcium deposition observed in both medial and atherosclerotic venues (Supplement 

Figure III). Chow-fed animals exhibited much lower aortic calcium levels that did not differ 

between genotypes (Figure 1B). Aortic stiffness was increased in SM22-Cre;LRP6(fl/

fl);LDLR-/- mice and by HFD as determined by echocardiography9 (Figure 1C; reduced 

aortic arch distensibility); insulin resistance was diet-dependent but independent of genotype 

(Figure 1D). RT-qPCR analysis revealed reductions in aortic LRP6 mRNA in SM22-

Cre;LRP6(fl/fl);LDLR-/- mice, with concomitant increases in LRP4 and markers of 

osteochondrogenic programming (Figure 1E). Axin2 – a target of canonical β-catenin24 – 

was diminished in aortas deficient for LRP6, while Klf5 – a target of noncanonical Wnt 

signaling like OPN25, 26 -- was upregulated along with the progenitor marker Sca1 27(Fig. 

1E). While clear trends for increased aortic osteochondrogenic programming were noted in 

chow-fed mice with VSM LRP6 deficiency, these differences did not reach significance 

(Figure IV) in the absence of HFD. However, the increases in osteochondrogenic programs 

were robustly elaborated in primary aortic VSM cultures from SM22-Cre;LRP6(fl/

fl);LDLR-/- mice (Figure 1F; TNAP, OCN, OPN) and associated with increased 

mineralization in vitro (vide infra). Aspects of the contractile VSM program were 

diminished, indicated by down-regulation of Myh11 and myocardin (Figure 1F, and not 

shown). Plasma levels of osteopontin (OPN)28 were also increased in SM22-Cre;LRP6(fl/

fl);LDLR-/- mice vs. LRP6(fl/fl);LDLR-/- controls following HFD challenge (Figure 1G). 

Measurement of medial thickness in the ascending aorta sinus revealed no significant 
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increases in HFD-fed animals with reduced VSM LRP6 although pulse wave velocity was 

increased (Figure V). Aortic proliferation indices did not differ between genotypes; 

however, cultured VSM from SM22-Cre;LRP6(fl/fl);LDLR-/- mice exhibited 10% greater 

BrdU incorporation (Figure VI-VIII). Aortic lumen diameter of animal on HFD did not 

differ between genotypes as quantified by echocardiography (Figure IX); however, a non-

significant trend (p = 0.1) for increased Mac2(+) atheroma area in the sinus was observed 

along with significantly increased thoracic aortic F4/80 and IL12A macrophage expression 

(Figures X–XI). Importantly, differences in aortic calcification and stiffness between 

genotypes arose in the absence of differences in HFD-induced changes in fasting blood 

glucose, lipids, insulin resistance, or body composition (Figures XII–XIII). Thus, absence of 

VSM LRP6 increases aortic calcification and vascular stiffness in diabetic LDLR-/- mice, 

and enhances vascular elaboration of an osteochondrogenic gene program.

Wnt ligands and Fzd receptors capable of activating noncanonical signals are upregulated 
in aortic tissues of SM22-Cre;LRP6(fl/fl);LDLR-/- mice on HFD

Skeletal biomineralization occurs via the overlapping yet distinct mechanisms of 

membranous (type 1 collagen-oriented) and endochondral (type 10 collagen-oriented) 

ossification29. Canonical Wnt signals promote initiation of the former17 and inhibit bone 

resorption30, while noncanonical Wnt signals promote mature tissue calcification via both 

mechanisms31, 32. LRP6 can restrain noncanonical signals in part by sequestering certain 

Fzd co-receptors15. To assess whether paracrine relays capable of noncanonical signaling 

were altered in aortic tissues with LRP6 deficiency, we surveyed the expression of Wnt 

ligands and Fzd co-receptors. Array analysis of aortic RNA from mice on HFD for 3 months 

(n= 5/genotype) revealed upregulation of genes encoding multiple Wnt ligands and Fzd10 

(Supplement Figure XIV). This was confirmed by RT-qPCR; as compared to LRP6(fl/

fl);LDLR-/- controls, SM22-Cre;LRP6(fl/fl);LDLR-/- mice on HFD exhibited elevated 

levels of Wnt7b, Wnt4, Wnt10a, Wnt3a, and Fzd10 (Figure 2A and Figure 2B). Increases in 

aortic mRNAs observed in vivo required HFD challenge (Figure XV). However, significant 

upregulation of ligands and Fzd10 expression was observed in primary VSM cultures 

(Figure XVI; and vide infra). Wnt5a -- the abundant noncanonical agonist4 -- remained 

unchanged. Immunohistochemistry and western blot analysis of primary VSM cultures 

confirmed upregulation of Wnt7b (Figure 2C), Wnt10a (Figure 2D), and Fzd10 protein with 

down-regulation of LRP6 (Figure 2E). Of note, while Wnt3a and Wnt10a are reported to 

elicit only canonical signals, Wnt433, 34 and Wnt7b11, 23 are capable of supporting both 

canonical and noncanonical pathways. Thus, loss of VSM LRP6 leads to the upregulation of 

Wnt ligands capable of supporting canonical and noncanonical signaling.

Fzd10 activates noncanonical signaling that is inhibited by LRP6 expression, and 
promotes OPN transcription via USF protein-DNA interactions

Fzd10 activation in sarcoma elicits noncanonical signals35 similar to Fzd9 in bone31. To 

confirm and extend this, we transiently co-transfected Fzd10 expression vectors with NFAT-

LUC36 and LEF-LUC23 reporters that register noncanonical and canonical signaling, 

respectively, in HEK293T cells37. As shown in Figure 3A, Fzd10 upregulated NFAT-LUC 

activity with modest impact on LEF-LUC, while LRP6 upregulated canonical LEF-LUC 

activity with little effect on NFAT-LUC. However, co-expression of LRP6 reduced Fzd10 
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activation of NFAT-LUC, and Fzd10 impaired LRP6 upregulation of LEF-LUC (Figure 

3A). Similar responses occur with Fzd9 (Figure 3B, and data not shown), the Fzd member 

most closely related to Fzd10. ML141 – an inhibitor of cdc42/Rac1 signaling38 in the 

noncanonical Wnt planar cell polarity pathway39 – inhibited Fzd10 and Fzd9 activation of 

NFAT-LUC (Figure 3B). Conversely, constitutively active Cdc42(Q61L) activated NFAT-

LUC, and was inhibited by LRP6 (Figure 3C). In primary cultures of aortic VSM, Fzd10 but 

not Fzd9 is upregulated with LRP6 deficiency (Figure XVI). Furthermore, HEK reporter 

cells transfected with NFAT-LUC +/- pCMV-Fzd10 exhibited Fzd10-dependent 

noncanonical NFAT activation when co-cultured onto VSM feeder cell layers from SM22-

Cre;LRP6(fl/fl);LDLR-/- mice vs. LRP6(fl/fl);LDLR-/- controls (Figure 3D). This indicated 

that Fzd10 conveys responsiveness to a noncanonical agonist elaborated by SM22-

Cre;LRP6(fl/fl);LDLR-/- VSM.

OPN is an endogenous noncanonical Wnt target40 and osteochondrogenic gene active during 

membranous and endochondral bone formation29, and is upregulated in SM22-Cre;LRP6(fl/

fl);LDLR-/- VSM. RNAi targeting Fzd10 but not Fzd9 reduces OPN gene expression in 

SM22-Cre;LRP6(fl/fl);LDLR-/- VSM (Figure 4A). As with NFAT-LUC, Fzd10 upregulates 

OPN promoter activity and is inhibited by LRP6 expression (Figure 4B). Unlike Fzd10, 

Fzd7 and Fzd1 are inactive in this assay (Figure XVII and not shown). Co-expression of 

either Wnt7b or Wnt5a enhanced Fzd10 activation, while Wnt11 and Wnt4 did not (Figure 

XVIII). OPN promoter mapping identified that the glucose-responsive USF cognate41 at −80 

to −72 relative to the transcriptional start site is required for Fzd10 induction (Figure 4C). 

Co-expression of either USF1 or USF2 activated the OPN promoter, and was inhibited by 

LRP6 expression (Figure 4D), indicating that OPN expression was entrained to 

noncanonical signals conveyed in part by USF and inhibited by LRP6. Consistent with this, 

siRNA targeting USF1, but not USF2, inhibited the upregulation of OPN with LRP6 

deficiency (Figure 4E; Figure XIX), and chromatin immunoprecipitation revealed increased 

association of USF1 with OPN chromatin in LRP6-deficient VSM (Figure 4F). ML141 

inhibited USF1 activation of OPNLUC (Figure 4G) as well as Fzd10 activation of NFAT-

LUC (Figure 3B) and OPNLUC (Figure XX). The constitutively active variant 

Cdc42(Q61L) upregulated the OPN promoter in HEK cells (Figure XXI). Moreover, ML141 

reduced OPN elevation in LRP6-deficient VSM (Figure 4H); by contrast, the selective Rac1 

inhibitor EHT186442 exerted little if any effect on OPN expression (Figure 4H). Thus, 

Fzd10- and USF1- activation of the OPN promoter is inhibited by LRP6, with LRP6 actions 

phenocopied by ML141 treatment.

LRP6 associates with PRMT1, and SM22-Cre;LRP6(fl/fl);LDLR-/- aortic VSM exhibits 
increased nuclear protein ADMA accumulation

To better understand the mechanisms whereby LRP6 regulates signaling, we expressed 

FLAG-epitope tagged LRP6 in HEK cells, immunoprecipitated FLAG-containing 

complexes under non-denaturing conditions, and began to characterize the LRP6 

interactome by mass spectrometry (to be presented elsewhere). As compared to control cells, 

immune complexes from LRP6-FLAG expressing cells revealed enrichment of PRMT1. Co-

immunoprecipitation of recombinant PRMT1 variant 1 (PRMT1v1) and LRP6-FLAG was 

independently demonstrated as shown in Figure 5A. PRMT1 is a protein arginine 
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methyltransferase that catalyzes formation of asymmetric dimethylarginine (ADMA) on 

protein targets. Consistent with prior reports43, we identified that PRMT1v1 is present in 

cytoplasmic, membrane, and nuclear fractions of VSM by western blot analysis and 

immunohistochemistry (Figure 5B; Figure XXII). PRMT1v2, possessing a nuclear export 

sequence43, is only found in the non-nuclear fractions (Figure 5B). These observations 

prompted assessment of the cellular ADMA profile by western blot. As shown in Figure 5B, 

protein ADMA modification profiles were altered in the cytoplasmic, membrane, and 

nuclear fractions of SM22-Cre;LRP6(fl/fl);LDLR-/- VSM; the greatest changes observed 

were increases in a subset of ADMA-modified nuclear proteins (Figure 5B). Independent 

assessment of replicates demonstrated ~2- to 3 -fold increases in specific nuclear ADMA –

modified proteins (Figures 5C and 5D).

PRMT1 and PRMT4 are the two major PRMTs responsible for nuclear protein ADMA 

modification44. Therefore, we examined the consequence of RNAi-mediated knockdown of 

PRMT1 and PRMT4 in LRP6(fl/fl);LDLR-/- and SM22-Cre;LRP6(fl/fl);LDLR-/- primary 

VSM, emphasizing OPN expression. Knockdown of PRMT1 increased OPN expression in 

both genotypes (Figure 6A), indicating a suppressive role. By contrast, knockdown of 

PRMT4 reduced OPN upregulation in SM22-Cre;LRP6(fl/fl);LDLR-/- cultures -- indicating 

a sustentacular role (Figure 6B). However, while nuclear protein levels of USF1 increased in 

SM22-Cre;LRP6(fl/fl);LDLR-/- mice, PRMT4 levels did not (Figure 6C–6D), suggesting 

that ADMA accumulation might relate to alterations in arginine N-methyl group turnover.

The protein arginine demethylase Jmjd6 inhibits osteochondrogenic gene expression in 
VSM and USF1-dependent transactivation

Because nuclear ADMA accumulation was altered in the absence of increased nuclear 

PRMT4, we examined the expression of Jmjd645, 46 and PADI447, genes encoding broad 

spectrum nuclear arginine demethylase and deiminase activities, respectively, that remove 

the arginine N-methyl signature. As shown in Figure 7A, the levels of both Jmjd6 and 

PADI4 mRNAs were reduced in SM22-Cre;LRP6(fl/fl);LDLR-/- mice, with concomitant 

upregulation of OPN and nuclear ADMA protein accumulation. However, only siRNA 

targeting Jmjd6 increased OPN and TNAP gene expression in control VSM cultures (Figure 

7B; Figure XXIII); PADI4 siRNA reduced mRNA accumulation for select 

osteochondrogenic genes (Figure 7C). Moreover, Jmjd6 expression inhibited USF1 

activation of the OPN promoter (Figure (7D) while PADI4 did not (Figure XXIV).

In HEK cells, USF1 is not ADMA modified, but a low-molecular weight ADMA protein co-

immunoprecipitated with FLAG-tagged USF1 (supplement Figure XXV). The size of this 

ADMA protein, 17 kDa, suggested it might be histone H3. Western blot analysis confirmed 

H3 co-precipitation with USF1, revealed the presence of the PRMT4-specific H3R17Me2a 

signature48, and demonstrated USF1-associated H3R17Me2a was reduced by co-expression 

of Jmjd6 (Figure 7E and 7F). Furthermore, USF1 immunoprecipitates from LRP6-deficient 

VSM cultures contain increased histone H3 with the H3R17Me2a signature (Figure 7G). 

Thus, Jmjd6 inhibits the osteochondrogenic phenotype in VSM, antagonizes USF1-

dependent transcriptional activation of OPN gene expression, and reduces PRMT4-

dependent histone signatures in USF1 protein complexes.
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ML141 inhibits USF1 protein accumulation, osteochondrogenic gene expression, TNAP 
upregulation and calcification in VSM cultures from SM22-Cre;LRP6(fl/fl);LDLR-/- mice

ML141 treatment down-regulated a subset of nuclear ADMA proteins upregulated with 

LRP6 deficiency (Figure XXVI) -- and reversed the nuclear USF1 protein accumulation and 

OPN chromatin association arising in SM22-Cre;LRP6(fl/fl);LDLR-/- VSM (Figure 8A; 

Figure XXVII-XXVIII). Since ML141 inhibited Fzd10 activation of noncanonical Wnt 

signaling and USF1-dependent OPN expression (vide supra), we assessed the impact of 

ML141 on osteochondrogenic programs upregulated by LRP6 deficiency. Like OPN, TNAP 

and Col10A1 were reduced by ML141 (Figure 8B and 8C). Interestingly, Wnt ligand genes 

including Wnt4, Wnt5a, and Wnt5b were concomitantly down-regulated by ML141 in LRP6-

deficient VSM while Jmjd6 was unaffected (Figure XXIX). TNAP enzyme activity – 

necessary for OPN dephosphorylation and osteochondrogenic mineralization29 -- was 

upregulated in SM22-Cre;LRP6(fl/fl);LDLR-/- VSM and inhibited by ML141 treatment 

(Figure 8D). Consistent with this, calcium deposition quantified by Alizarin red staining was 

significantly increased in SM22-Cre;LRP6(fl/fl);LDLR-/- VSM and inhibited by ML141 

treatment (Figure 8E, 8F). Thus LRP6 restrains vascular noncanonical Wnt signals sensitive 

to ML141 that promote osteochondrogenic responses, mediated in part via USF1- and 

arginine methylation – dependent relays (Figure 8G).

DISCUSSION

There are three principal findings of this study that help advance our understanding of 

arteriosclerotic calcification. Firstly, LRP6 signaling plays a cell-autonomous role in 

regulating the osteochondrogenic response within the VSM lineage. The VSM functions of 

LRP6 in arteriosclerotic calcification have not been previously characterized. Surprisingly, 

in addition to conveying canonical signals, LRP6 restrains noncanonical signals that 

reinforce osteochondrogenic trans-differentiation and mineralization of VSM49. Based upon 

lineage tracing, Speer estimated that approximately 80% of mineralizing cells in the vessel 

wall arise from this process; the remaining 20% reflect lineage allocation of regional or 

circulating osteoprogenitors49. Elegant studies by Mani first identified the private mutation 

LRP6(R611C) as causing a precocious atherosclerosis-osteoporosis syndrome18, 22, and 

hypomorphic function may also extend to reduced inhibition of noncanonical signals18. 

Secondly, USF1 emerges as a novel mediator of noncanonical Wnt signaling alongside the 

Jun/ATF and Ca++/NFAT pathways. The role of USF1 as relevant to the β-globin locus 

control region50, glucose signaling41, and lipid homeostasis51 is well appreciated, and the 

genetic link between USF1 and combined hyperlipidemia has been established in parallel 

with the identification of USF1 within atherosclerotic plaques 51. As in bone and 

cartilage29, 36, cdc42-modulated NFAT signaling will also be an important component of the 

VSM osteochondrogenic response during arteriosclerotic calcification along with Runx2 and 

USF1. Given that ML141 inhibits VSM biomineralization – and cdc42’s role in vascular 

inflammation52 and endochondral ossification53 -- we speculate that modulators of the 

cdc42/Rac1 family may prove useful in treating arteriosclerosis. Thirdly, discovery that 

LRP6 functionally and physically interacts with the protein arginine methylation cascade 

reveals a new dimension in LRP biology. Our data indicate that non-nuclear PRMT1 

associated with LRP6 is part of a pathway suppressing noncanonical signals, while nuclear 
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PRMT4 supports the osteochondrogenic phenotype in collaboration with osteogenic 

transcription factors29. Others have noted that nuclear PRMT4 (CARM1) forms a complex 

with Jmjd645. Whether nuclear vs. non-nuclear pools of PRMT1 differentially impact LRP6 

signaling remains to be studied.

PRMT4 plays an important role in endochondral bone formation54 and regulation of 

estrogen receptor methylation45 in concert with Jmjd6. Since USF1 lacks overt ADMA 

modification, we anticipate that proteinaceous partners of USF1 will be directed for ADMA 

modification. Our data indicate that histone H3 – bearing the H3R17Me2a signature of 

PRMT4 – is one component of the protein complexes associated with USF1. It remains to be 

determined whether affinity of USF1 for chromatin is enhanced by H3R17Me2a. USF1 

dimerizes with other bHLH and leucine zipper transcription factors to create unique DNA 

binding specificities55. Furthermore, USF1 recruits nuclear PRMT1 to the β-globin locus 

control region to preserve euchromatin structure via H4R3Me2a formation50. It will be 

important to elucidate the USF1 interactome and its regulation by noncanonical signals.

Fzd9 and Fzd10 are closely related family members that convey noncanonical Wnt 

signals31, 35. Upregulation of noncanonical Fzd10 signaling participates in the pathobiology 

of synovial sarcoma35. Conversely, Fzd9-null mice exhibit reduced endochondral bone 

formation during fracture repair, arising from deficiency in noncanonical signals necessary 

for osteoblast maturation and mineralization31. It remains to be determined the relative 

extent to which canonical vs. noncanonical Wnt signals contribute to arterial calcification in 

the LDLR-/- model. As noted, osteogenic lineage allocation is promoted by Msx and 

canonical Wnt signals5, 29 -- but these signals need to be down-regulated to permit osteoblast 

maturation29. This sequence is emerging as important for the osteogenic programming of 

vascular progenitors9, 49. VSM trans-differentiation is responsible for a majority of the 

vascular osteochondrogenic cell “load”49. We propose that upregulation of noncanonical 

Fzd activity with LRP6 deficiency enhances VSM osteochondrogenic trans-differentiation in 

response to metabolic stress.

Our study has limitations. The composition of the LRP6 complex that negatively regulates 

noncanonical Fzd relays remains to be determined. It’s interesting to note that PRMT1 

modifies G3BP family members56. Because G3BP1 localizes GTPase activating 

complexes56, homologs might be involved in negative regulation of cdc42. However, VSM 

LRP6 likely orchestrates protein-protein interactions between multiple regulatory 

components of the noncanonical pathway15. Furthermore, LRP6 forms heterodimers with 

LRP5 57. 57 Given that LRP5 activity drives pro-sclerotic canonical Wnt signaling in valve 

calcification16, it remains probable that heterodimeric interactions between specific LRPs 

and Fzds finely tune signaling via the canonical and noncanonical pathways. LRP5/6 

heterodimers confer selectivity for Wnt ligand activation57; this combinatorial complexity 

indicates that changes in levels of a specific LRP receptor will impact canonical signaling as 

a function of the prevailing Wnt ligand milieu while directly modulating noncanonical tone. 

Even though we targeted LRP6 expression in the VSM lineage, secondary alterations in the 

monocyte/macrophage lineage may contribute to arteriosclerosis58. Innovative studies very 

recently published have identified that a subset of inflammatory mural macrophages arise 

from the VSM lineage (reviewed in refs.59, 60). Future studies will assess whether VSM 
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LRP6 orchestrates phenotypic modulation and myeloid cell differentiation, recruitment and 

function in vascular lesions in response to metabolic stressors. As in bone31 stage-specific 

roles for canonical and noncanonical Wnts are emerging in the regulatory sequence that 

drives arterial osteochondrogenic programming. The evolving models of LRP-dependent 

vascular disease have yet to fully address this sequence. In vivo quantitative measures of 

ligand expression and signal activation are needed to temporally and spatially resolve the 

contributions of specific Wnt ligand-receptor engagement to disease biology. Finally, Runx2 

-- the master osteochondrogenic transcriptional regulator 29 -- is post-transcriptionally 

activated in VSM61. How USF1 supports programs enabled by Runx2 remains to be 

determined. USF1 increases with osteoblast differentiation62, and USF mechanisms 

encompass the maintenance of chromatin structure necessary for tissue-specific enhancer 

function50. Nevertheless, the discovery that ML141 down-regulates noncanonical sclerotic 

programs restrained by LRP6 signaling indicates that strategies targeting the cdc42-related 

GTPases can function as LRP6 mimetics -- and might mitigate vascular disease in patients 

afflicted with diabetes and dyslipidemia.
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Refer to Web version on PubMed Central for supplementary material.
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Nonstandard Abbreviations and Acronyms

ADMA asymmetric dimethylarginine

bHLH-zip basic helix-loop-helix – leucine zipper transcription factor

BMC/BMD bone mineral content/bone mineral density

BMP bone morphogenetic protein

BrdU bromodeoxyuridine

CARM1 coactivator-associated arginine methyltransferase 1, a.k.a. PRMT4

Cdc42 cell division cycle 42, a Rac1 family member GTPase

ChIP chromatin immunoprecipitation

CMV cytomegalovirus promoter/enhancer vector

Col10A1 type X collagen gene alpha 1 chain

DAPI 4′,6-diamidino-2-phenylindole

DXA dual electron X-ray absorptiometry

eIF eukaryotic translation initiation factor

FLAG amino acid epitope D-Y-K-D-D-D-D-K
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FLAG-IP immunoprecipation with anti-FLAG epitope antibody

Fzd frizzled Wnt GPCR receptor

G3BP Ras-GAP SH3 domain binding protein

GAP GTPase activating protein

H3R17Me2a histone H3 asymmetrically dimethylated on Arg-17, a PRMT4 product

H4R3Me2a histone H4 asymmetrically dimethylated on Arg-3, a PRMT1 product

HEK human embryonic kidney cell line

HFD high fat diet, Harland TD88137 Western diet

Jmjd6 Jumonji domain containing 6 arginine demethylase

Klf5 krüppel like factor 5

LDLR low density lipoprotein receptor

LEF lymphoid enhancing factor

LRP LDL-receptor related protein

LRP6(fl/fl) LRP6 gene floxed, e.g. flanked by lox P

LRP6-VKO LRP6 VSM conditional knockout

LUC luciferase reporter

ML141 cdc42/Rac1 inhibitor, Chemical Abstracts Registry CAS # 71203-35-5

MMP matrix metalloproteinase

Msx muscle segment homeobox homolog

Myh11 smooth muscle specific myosin heavy chain 11

NFAT nuclear factor of activated T cells

OCN osteocalcin

OPN osteopontin

Osx osterix Sp7 transcription factor

PADI peptidyl arginine deiminase

PRMT protein arginine N-methyltransferase

RNAi RNA interference

Runx Runt-related transcription factor

Sca1 stem cell antigen 1

siRNA small interfering RNA

SM22-Cre transgene expressing bacterial Cre recombinase from transgelin promoter

TCF T cell factor
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TK HSV Thymidine kinase promoter

TNAP bone alkaline phosphatase, tissue non-specific alkaline phosphatase, akp2

TNF tumor necrosis factor

USF upstream stimulatory factor

VSM vascular smooth muscle lineage

Wnt Wingless/int-1 family member
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Novelty and Significance

What Is Known?

• Paracrine Wnt signaling controls bone mineralization, mediated in part by LDL 

receptor-related protein (LRP) family heterodimers with frizzled (Fzd) co-

receptors.

• Rare hypomorphic mutations in human LRP6 canonical signaling proteins cause 

autosomal dominant osteoporosis and early cardiometabolic disease.

• Multiple Wnt ligands are expressed in vessels undergoing calcification, 

suggesting that Wnt signaling plays an important role in arteriosclerosis.

What New Information Does This Article Contribute?

• Deletion of vascular smooth muscle lineage (VSM) LRP6 worsens 

arteriosclerotic disease in a model of diet-induced insulin-resistant diabetes, 

dyslipidemia, and cardiovascular calcification.

• Loss of VSM LRP6 enhances Wnt ligand expression and osteochondrogenic 

signaling via noncanonical Fzd co-receptors, mediated in part by USF1 and 

protein arginine methyltransferase (PRMT) relays.

• Like LRP6, the cdc42/rac1 G-protein antagonist ML141 inhibits noncanonical 

Wnt signals that drive VSM mineralization, indicating that certain LRP6 

mimetics may prove useful in the treatment of arteriosclerotic calcification.

In this study, we demonstrate that the Wnt co-receptor LRP6 plays a rate-limiting role in 

restraining VSM noncanonical Wnt signals that drive arteriosclerotic calcification and 

vascular stiffening with insulin-resistant hyperglycemia and hyperlipidemia. Vascular 

Wnt ligands, Fzd10-dependent noncanonical signals, and osteochondrogenic 

mineralization programs are upregulated with reduction in VSM LRP6. We show that 

PRMTs and the Jmjd6 demethylase are novel components of LRP6-regulated relays that 

control VSM drift to the osteochondrogenic phenotype. The transcription factor USF1 is 

identified as a new component of the VSM noncanonical response, regulated at the level 

of nuclear chromatin complex formation by LRP6, ML141, and Jmjd6. These results 

reveal novel dimensions of LRP6 vascular biology that provide insights useful for 

crafting new approaches to treat arteriosclerotic disease.
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Figure 1. Conditional deletion of LRP6 in VSM increases osteochondrogenic calcification and 
arterial stiffening in LDLR-/- mice fed high fat diabetogenic diets
Panel A, immunohistochemistry reveals expression of LRP6 in VSM of aortic tunica media 

(arrows) and atherosclerotic caps (arrowheads) of the aortic sinus. Asterisks overlay 

atheroma. Scale bar = 50 microns. Coronary artery VSM also expresses LRP6 (Figure S1–

S2). Panel B, on HFD aortic calcium content is increased in aortas of SM22-Cre;LRP6(fl/

fl);LDLR-/- mice as compared to LRP6(fl/fl);LDLR-/- on HFD or chow-fed controls (11–15 

weeks of age). All HFD animals were 17–20 weeks of age at aortic analysis. Numbers of 

animals in each group were between 12–14 as indicated. ANOVA p < 0.0001. a, p< 0.001 

vs. chow-fed controls; b, p < 0.01 vs. Cre-negative mice on HFD by Holm-Sidak’s post-hoc 

testing corrected for multiple comparisons. Panel C, Doppler echocardiography reveals 

increased vascular stiffness in SM22-Cre;LRP6(fl/fl);LDLR-/- mice, reflected in reduced 

distensibility (% change in aortic arch diameter from diastole to systole). ANOVA p < 

0.0001. ***, p < 0.001 vs LRP6(fl/fl);LDLR-/- on chow diet*, p < 0.05 vs. Cre-minus on 

Western Diet on post-hoc testing corrected for multiple comparisons. N = 4 to 10 per group 

as indicated in the X-axis labels. Panel D, HFD-induced insulin resistance did not differ 

between genotypes. One way ANOVA p <0.001; significant differences between the groups 

as indicated by Holm-Sidak post-hoc test (see also supplement Figures XXII–XXIII). a, p < 

0.05 vs. chow fed of either genotype; b, p < 0.05 vs. chow fed Cre-negative animals; c, p < 

0.01 between chow fed SM22-Cre;LRP6(fl/fl);LDLR-/- animals. No other differences were 

significant. Panel E, the aortic expression of osteochondrogenic genes is concomitantly 

upregulated with reductions in VSM LRP6 expression. *, p < 0.05 vs. LRP6(fl/fl);LDLR-/- 

control; **, p < 0.01 vs. control; ***, p < 0.001 vs. control by Student’s 2-tailed t-test; used 

throughout unless otherwise indicated. Panel F, cultures of primary aortic VSM also exhibit 

enhanced osteochondrogenic gene expression in the setting of LRP6 deficiency. *, p < 0.05 

vs. LRP6(fl/fl);LDLR-/- control; **, p < 0.01 vs. control; ***, p < 0.001 vs. control by 

Student’s 2-tail t-test; used throughout unless otherwise indicated. Panel G, circulating OPN 

levels are increased in diabetic SM22-Cre;LRP6(fl/fl);LDLR-/- mice as compared to 

LRP6(fl/fl);LDLR-/- controls. N = 8, 7, 9, and 7, respectively as indicated. ANOVA p = 

0.022. * p < 0.05 vs. all others by Fisher’s LSD post-hoc test, and p < 0.05 vs. Cre-minus 

control on HFD after correction for multiple comparisons.
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Figure 2. Wnt ligands and Fzd receptors capable of activating noncanonical signals are 
upregulated in aortas of SM22-Cre;LRP6(fl/fl);LDLR-/- mice fed diabetogenic diets
Panel A, RT-qPCR confirms upregulation of Wnt10a, Wnt7b, Wnt4, and Wnt3a in aortas of 

diabetic SM22-Cre;LRP6(fl/fl);LDLR-/- mice. N = 4 to 7 per group as indicated in the 

legend. **, p < 0.01 vs. Cre-negative control. ***, p < 0.001 vs. Cre-negative control by 

Student’s 2-tail t-test. Panel B, the expression of Fzd10 was selectively increased, consistent 

with array analyses (Figure S14). ***, p < 0.001 vs. Cre-negative control by Student’s 2-tail 

t-test. Panel C upper, immunohistochemistry revealed increases in aortic Wnt7b protein. 

Western blots using extracts from LRP6(fl/fl);LDLR-/- control and SM22-Cre;LRP6(fl/

fl);LDLR-/- VSM confirmed increases in Wnt7b protein with LRP6 deficiency (lower 

panel). Panel D, western blot for Wnt10a protein accumulation followed by digital image 

analysis confirmed 3-fold upregulation of Wnt10a protein in LRP6-deficient aortic VSM (p 

< 0.05). Panel E, Cre-dependent reductions in LRP6 were accompanied by increased Fzd10 

protein accumulation, consistent with analyses of whole aorta RNA (panel B above) and 

cultured VSM (Figure XVI).
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Figure 3. Fzd10 activation of noncanonical signaling is inhibited by LRP6 and the cdc42 
antagonist ML141
Panel A, Fzd10 activates NFAT-LUC reporter activity in HEK cells and co-expression of 

LRP6 inhibits induction (left). By contrast, LRP6 activates canonical TCF/LEF signaling via 
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pathways inhibited by Fzd10 (right). ANOVA p <0.0001 with post-hoc Holm-Sidak testing. 

N = 3 per group. Panel B, ML141, a cdc42 antagonist, inhibits Fzd9 and Fzd10 induction of 

NFAT-LUC. Fzd1, Fzd2, and Fzd6 were inactive (not shown). ANOVA p <0.0001 with 

post-hoc Holm-Sidak testing. N = 6 per group. Panel C, constitutively active cdc42(Q61L) 

stimulation of noncanonical NFAT signaling is enhanced by Fzd10 and inhibited by LRP6. 

ANOVA p <0.0001 with post-hoc Holm-Sidak testing. N = 3 – 9 per group. Panel D, HEK 

cells were transfected with either pCMV vector + NFAT-LUC or pCMV-Fzd10 + NFAT-

LUC, then parachuted for co-culture (Co-Cx) onto lawns of either LRP6(fl/fl);LDLR-/- 

VSM or SM22-Cre;LRP6(fl/fl);LDLR-/- VSM. Note that SM22-Cre;LRP6(fl/fl);LDLR-/- 

cells supported Fzd10-dependent activation of NFAT-LUC signaling, indicating enhanced 

elaboration of a noncanonical agonist with VSM LRP6 deficiency. ANOVA p < 0.0001, 

with post-hoc Holm-Sidak testing. N = 6 per group.
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Figure 4. Fzd10 activation of OPN transcription maps to the USF cognate, and USF1 
upregulation of OPN promoter activity is inhibited by LRP6 or the cdc42 antagonist ML141
Panel A, siRNA targeting Fzd10 reduced OPN expression in SM22-Cre;LRP6(fl/

fl);LDLR-/- VSM. ANOVA p = 0.001. N = 4 per group. **, p < 0.01 vs. Fzd9 siRNA and p 

< 0.05 vs. control siRNA by Holm-Sidak post-hoc testing. Panel B, like NFAT-LUC, Fzd10 

activation of the OPN promoter is inhibited by LRP6 expression. N = 3 per group, ANOVA 

p < 0.001; ***, p < 0.001 vs. all other conditions by Holm-Sidak test. Panel C, Fzd10 

activation of the OPN promoter maps to the proximal CCTCATGAC USF cognate. N = 3 

per group, significance assessed by Student’s 2-tail t-test. Panel D, USF activation of the 

OPN promoter is inhibited by LRP6 expression. N =3–6 per group. ANOVA p < 0.0001. a, 

p < 0.05 vs. vector, b, p < 0.001 vs LRP6; p < 0.01 vs. USF1+LRP6; d, p < 0.05 vs. vector, 

e, p < 0.02 vs. USF2+LRP6 by Holm-Sidak post-hoc test. Panel E, USF1 siRNA, but not 

USF2 siRNA, significantly reduces OPN induction with LRP6 deficiency in VSM. ANOVA 

p < 0.0001, with post-hoc Holm-Sidak testing. N = 4 per group. Panel F, ChIP assay 

confirms increased association of USF1 with OPN chromatin in SM22-Cre;LRP6(fl/

fl);LDLR-/- VSM. N = 4 per group; **, p ≤ 0.01 by Student’s 2-tail t-test. Panel G, USF1 

activation of OPN promoter activity is inhibited by ML141. ANOVA p < 0.0001, ***, p < 

0.001 by Holm-Sidak testing. N = 6 per group. Panel H, the increased OPN gene expression 

in SM22-Cre;LRP6(fl/fl);LDLR-/- VSM is reduced by ML141. By contrast, the Rac1 

inhibitor EHT1864 had no effect. Treatments were 10 uM for 20 hours. ANOVA p < 0.0001 

(post hoc Holm-Sidak). N = 4 per group.
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Figure 5. LRP6 forms a complex with PRMT1v1, and cellular protein ADMA accumulation is 
perturbed in LRP6-deficient VSM
Panel A, PRMT1v1 and Flag-tagged LRP6 are co-precipitated when co-expressed in HEK 

cells. Panel B left, protein asymmetric dimethylarginine (ADMA) profiles are perturbed in 

LRP6-deficient VSM. While a few ADMA proteins are down-regulated (white arrows), the 

majority of those visualized are increased in SM22-Cre;LRP6(fl/fl);LDLR-/- nuclear 

fraction (black arrows). Right, while Cre-mediated down-regulation of LRP6 protein in the 

membrane fraction was readily detected (upper right), the broad distribution of PRMT1 

exhibited little if any change. v2, PRMT1 variant 2 possessing the nuclear export signal 

(NES). v1, PRMT1 variant 1 lacking the NES. Panels C and D, digital image analysis 

confirmed significant 2–3 fold increases in total nuclear ADMA protein accumulation in 

LRP6-deficient VSM. N = 3 per group. *, p < 0.05 by Student’s t-test.
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Figure 6. RNAi targeting PRMT4 reduces, while PRMT1 siRNA increases, OPN gene induction 
in LRP6-deficient VSM
Panel A, PRMT1 siRNA increases OPN gene expression. ANOVA p <0.0001, with post-hoc 

testing corrected for multiple comparisons. N = 4 per group. Panel B, RNAi targeting 

PRMT4 almost completely inhibits induction of OPN with LRP6 deficiency. ANOVA p < 

0.0001, N = 4 per group. Panels C and D, LRP6 deficiency increases USF1 nuclear protein 

accumulation without altering PRMT4. N = 3 per group. **, p < 0.01 by Student’s t-test.
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Figure 7. The broad specificity arginine demethylase Jmjd6 is reduced in LRP6 deficient VSM, 
restrains VSM osteochondrogenic gene expression, and inhibits USF1-dependent OPN 
transcription
Panel A, while OPN is increased with LRP6 deficiency in VSM, Jmjd6 and PADI4 are 

significantly down-regulated. The relative level of PADI4 is ca. 100-fold less than Jmjd6. N 
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= 4 per group. *, p < 0.05; ***, p < 0.001 vs. Cre-negative control by Student’s 2-tail t test. 

Panels B and C, Jmjd6 siRNA significantly upregulates OPN and TNAP expression in VSM, 

while PADI4 siRNA does not. N = 4 per group. **, p < 0.01; ***, p < 0.001 vs. control 

siRNA by Student’s 2-tail t test. Panel D, Jmjd6 inhibits USF1 activation of the OPN 

promoter in transient transfection assays. ANOVA p < 0.001. ***, p < 0.001 vs. all other 

treatments by Holm-Sidak post hoc test. N = 4 per group. Panels E and F, H3 co-precipitates 

with Flag-tagged USF1. Co-expression of Jmjd6 significantly reduces the PRMT4 

H3R17Me2a signature on histone H3 co-precipitating with USF1. N = 4 per group, p < 0.01 

by Student’s 2-tail t test. Panel G, USF1 immunoprecipitates from LRP6-deficient VSM 

cultures contain histone H3 bearing the PRMT4 signature H3R17Me2a.
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Figure 8. The cdc42 antagonist ML141 down-regulates USF1 protein accumulation and 
osteochondrogenic mineralization of LRP6-deficient VSM without globally altering ADMA 
protein profiles
Panel A, the increased VSM nuclear USF1 protein levels arising from LRP6 deficiency is 

reduced by ML141 treatment. Although select nuclear ADMA proteins were reduced, the 

global ADMA profile was largely unaffected (Figure S26 and data not shown), ANOVA p 

=0.015, *, p < 0.01 from others (Holm-Sidak). N = 3–4 per group as indicated. Panels B and 

C, like OPN, the increases in TNAP and Col10A1 arising from LRP6 deficiency are 

inhibited by ML141 but not by EHT1864. *, p < 0.05 vs. vehicle-treated LRP6(fl/

fl);LDLR-/- control. *, p < 0.05 vs. vehicle-treated LRP6(fl/fl);LDLR-/- control by post-hoc 

testing. N = 4 per group. Panel D, TNAP enzyme activity is induced with LRP6 deficiency 

and inhibited by ML141. ANOVA p < 0.001. a, p < 0.01 vs. vehicle treated LRP6(fl/

fl);LDLR-/- control. b, p < 0.0001 vs. ML141 treated LRP6(fl/fl);LDLR-/- control; c, p < 

0.0001 vs. vehicle treated SM22-Cre;LRP6(fl/fl);LDLR-/- VSM by the Holm-Sidak’s 

multiple comparisons test. Panels E and F, Alizarin red staining of demonstrates that the 

increased calcification arising in SM22-Cre;LRP6(fl/fl);LDLR-/- VSM is reversed by 

ML141. ¶, p < 0.05 vs. vehicle SM22-Cre;LRP6(fl/fl);LDLR-/- VSM. N = 3 per group, 

ANOVA p = 0.011 with post-hoc Holm-Sidak’s testing. Panel G, working model. See 

Online Supplement Figure XXX for details.
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