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Abstract

Metabolic syndrome is a cluster of inherited metabolic traits, which centers around obesity and
insulin resistance and is a major contributor to the growing prevalence of cardiovascular disease.
The factors that underlie the association of metabolic traits in this syndrome are poorly understood
due to disease heterogeneity and complexity. Genetic studies of kindreds with severe manifestation
of metabolic syndrome has led to the identification of casual rare mutations in the LDL receptor-
related protein 6 (LRP6), which serves as a co-receptor with frizzled protein receptors for Wnt
signaling ligands. Extensive investigations have since unraveled the significance of the Wnt
pathways in regulating body mass, glucose metabolism, de-novo lipogenesis, low density
lipoprotein (LDL) clearance, vascular smooth muscle plasticity, liver fat and liver inflammation.
The impaired canonical Wnt signaling observed in the R611C mutation carriers and the ensuing
activation of non-canonical Wnt signaling constitute the underlying mechanism for these
cardiometabolic abnormalities. Transcription factor 7-like 2 (TCF7L2) is a key transcription factor
activated through LRP6 canonical Wnt and reciprocally inhibited by the non-canonical pathway.
TC7L2 increases insulin receptor expression, decreases LDL and triglyceride synthesis, and
inhibits vascular smooth muscle proliferation. Canonical Wnt also inhibits noncanonical protein
kinase C (PKC), Ras homolog gene family member A (RhoA), Rho associated coiled-coil
containing protein kinase 2 (ROCK?2) activation thus inhibiting steatohepatitis and transforming
growth factor B (TGF-B) mediated extracellular matrix deposition and hepatic fibrosis. Therefore,
dysregulation of the highly conserved Wnt signaling pathway underlies the pleiotropy of
metabolic traits of the metabolic syndrome and the subsequent end organ complications.
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1.Introduction

Obesity is a major trait of metabolic syndrome (MetS) that confers high risk for
cardiovascular disease. Obesity has become a public health threat with a prevalence that has
doubled over the last four decades and now affects approximately 40% of the adult
population in the United States [1]. It is estimated that 40—70% of the variation in body mass
index (BMI), a surrogate marker for abdominal obesity, is heritable [2, 3]. Rare monogenic
disorders of obesity involve mutations affecting neuro-hormonal circuits that control food
intake and energy expenditure [4]. Conversely, common polymorphisms in many more genes
involving a variety of pathways have also been discovered in association with obesity albeit
with smaller effects. While obesity can be measured with different metrics such as body
mass index or waist circumference, it is clear that fat distribution is a major determinant of
the severity of metabolic derangements in obese patients. The extreme spectrum of fat
distribution is manifested in the hereditary lipodystrophies, inherited disorders of fat tissue
associated with severe metabolic and atherosclerotic disease. A full review on the genetics of
obesity and metabolic syndrome can be found elsewhere [4].

Other components of MetS include hypertension, insulin resistance, atherogenic
dyslipidemia, a prothrombotic state, and a proinflammatory state. Interestingly, these risk
factors cluster together more than expected by random chance and an element of heritability
has been repeatedly identified in several familial studies [4]. Furthermore, MetS
significantly increases the risk for cardiovascular disease after adjusting for the individual
risk imparted by its component traits [5, 6]. Therefore, major scientific efforts have focused
on the underlying molecular mechanism of MetS as a whole that could unify the association
between the various components. In this review, we will focus on our laboratory’s
discoveries linking Wnt signaling defects to metabolic disease.

2.Wnt signaling and metabolic syndrome

The Wnt signaling pathway is a ubiquitous signaling cascade that regulates a wide range of
physiologic processes from stem cell pluripotency to cell fate determination during
embryonic development. There are 3 distinct Wnt signaling pathways; the canonical
pathway, the non-canonical cell polarity pathway, and the non-canonical calcium signaling
pathway. In the canonical pathway, Wnt ligands bind to the frizzled receptor and LRP-5 or 6
co-receptors, resulting in the accumulation of B-catenin in the nucleus leading to cell cycle
activation and transcriptional regulation [7]. In the non-canonical cell polarity pathway, the
Whnt ligands bind to the frizzled receptor and the RYK/ROR co-receptors thus activating the
Rho and Rac signaling cascades [7]. In the calcium signaling non-canonical pathway
different Wnt ligands bind to the frizzled receptor and activate phospholipase C (PLC), thus
leading to intracellular calcium release [8].
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During adult life, Wnt signaling maintains its role in stem cells within tissues that require
constant renewal such as gut epithelia and hair follicles. In humans, Wnt derangements have
been implicated in cancer [9, 10], developmental disorders [11, 12], pulmonary disease [13],
renal disease [14], cardiovascular disease and others [15]. The Wnt receptors belong to the
Frizzled (Fz) receptor family [16] and Wnt co-receptors include LDL receptor-related
proteins (LRP) 5 and 6, the Derailed/receptor tyrosine kinase (RYK) [17], and receptor
tyrosine kinase-like orphan receptor (ROR) trans-membrane tyrosine kinases [18]. LRP 5
and 6 are co-receptors for canonical Wnt ligands and when phosphorylated lead to activation
of canonical Wnt signaling and inactivation of non-canonical Wnt, whereas the other ligand
co-receptor combinations activate the non-canonical cascade.

Our group was the first to implicate altered Wnt signaling in metabolic syndrome [19].
Genetic linkage analysis and positional cloning in a large outlier kindred with high
prevalence of early onset coronary artery disease (CAD) and MetS led to discovery of novel
nonconservative LRP6 mutations [19]. The index patient presented with myocardial
infarction at 48 years of age and had a history of hypertension, hyperlipidemia and diabetes
but not obesity. The mutation precisely cosegregated with MetS and resulted in substitution
of Cysteine for Arginine at amino-acid 611 in the second epidermal growth factor (EGF)—
like domain. The crystal structure of LRP6 revealed that this substitution disrupts a salt
bridge between Arginine at 611 and Glutamate at 477 in the E2 propeller domain, relaxing
the relative orientation between YWTD and EGF domains [20]. Many other LRP6 mutations
similarly result in substitution of arginine by another amino acid [21].

2.1 LRP6 and plasma LDL clearance

Common variations in LRP6 had been linked to mild increase of LDL cholesterol in the
general population [22]. Strikingly, patients with the LRP6-R611C mutation had blood
cholesterol levels similar to heterozygote familial hypercholesterolemia manifesting after
mid-thirties [19]. LRP6 is a lipid raft receptor protein that consists of LDLR-like binding
domains, a cytoplasmic YXXL motif, and undergoes coated-pit-mediated internalization
after Wnt stimulation in a Cav-1-mediated process [23, 24]. While LRP6 was known to
mediate Wnt signaling [25] and not lipid homeostasis, other members of the family such as
LRP1 and 2 were known to play important roles in apolipoprotein E (apoE) binding and
cholesterol uptake by cells [26].

The function of LRP6 in LDL clearance was investigated in cells overexpressing LRP6-
R611C or wild type LRP6 receptor. Cells overexpressing the wild type receptor showed
higher LDL uptake compared to the cells transfected with empty vector or the LRP6-R611C
vector. Similarly, LDL uptake in lymphoblastoid cells and native lymphocytes from
heterozygote R611C mutation carriers were significantly lower compared to those of
unaffected family members [27]. This effect was independent of LDL receptor mRNA and
protein levels. Intracellular colocalization of LRP6 with tagged-LDL differed significantly
between wild type and mutant cells. The R611C mutant cells had reduced cell surface
expression of LRP6 with significant accumulation of LRP6 in late endocytic compartments
compared to wild type where it was mainly present at the cell surface and early endocytic
compartments [27].
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Solid-phase binding assays showed low binding affinity of LRP6 and apolipoprotein-B
(apoB) and no affinity for ApoE. However, the LRP6-R611C had higher affinity for apoB
than the wild type receptor, which means that the reduced LDL uptake in R611C cells is not
related to binding affinity with ApoB. Fluorescence-activated cell sorting (FACS) surface
analysis showed lower cell surface expression of LRP6-R611C compared to wild type
LRP6. In the presence of high LDL content in the medium, the expression level of wild type
LRP6 was decreased. However, this phenomenon was reversible only with the wild type
LRP6 and not LRP6-R611C cells. The enhanced ligand binding affinity of the mutant LRP6
in acidic pH and the continuous decline of its membrane expression in LDL-rich medium
imply that impaired membrane recycling of LRP6 is a mechanism for the impaired LDL
cholesterol clearance and hyperlipidemia in LRP6 mutation carriers.

In order to study the effect of LRP6 on LDL receptor (LDLR) function, CHO-IdIA7 cells
lacking the LDLR were transfected with LRP6 [28]. Cells overexpressing LRP6 showed
significantly higher LDL binding and uptake compared to those transfected with empty
vector. Knock down of LRP6 by RNA interference in CHO-IdIA7 cells reduced endogenous
LRP6 protein by 80% and caused significant reduction in LDL binding and uptake
compared to controls, which means that LRP6 mediated LDL uptake is independent of the
LDLR [28].

However, the mild impact of LRP6 on LDL uptake wouldn’t account for the severe
hyperlipidemia in patients with loss of function LRP6 mutations. Hence, CHO cells (CHO-
k1) that express the LDLR were transfected with hemagglutinin (HA) tagged LRP6 plasmid.
At baseline, LDL uptake was significantly higher in the CHO-k1 cell-line compared to the
CHO-IdIATY cell-line. Overexpression of LRP6 significantly increased LDL uptake to a
greater extent compared to CHO-IdIA7 cells overexpressing LRP6. Likewise, LRP6
knockdown in CHO-K1 cells caused a greater decrease in LDL binding and uptake in CHO-
k1cells versus CHO-IdIA7 cells. The decline in LDL uptake was gradual and steady unlike
that observed with CHO-IdIA7 cells, which means that the LDLR function was
compromised in the absence of LRP6 thus implicating LRP6 in LDLR mediated LDL
uptake [28].

Given the importance of lipoprotein lipase (LPL) in facilitating LDL uptake in an LDLR-
dependent manner [29], the effect of LRP6 on LPL was tested. CHO-k1 overexpressing
LRP6 doubled the LDL uptake in the presence of LPL compared to control. This effect was
not observed in CHO-IdIA7 cells that lack the LDLR, which further confirmed that LRP6
plays an important role in LDLR-dependent LDL uptake.

The rate of LDLR internalization in the presence of LDL was diminished after LRP6 knock
down in CHO-k1 cells, which means that LRP6 is important for LDLR internalization.
Sucrose gradient fractionation demonstrated that LRP6 is present in lipid rafts containing
clathrin and LDLR. LRP6 co-immunoprecipitated with the LDLR and colocalized at the
plasma membrane and juxtanuclear region within the cytoplasm. Furthermore, the weak
LRP6 and clathrin association increased in the presence of LDL. Although Caveolin 1
(Cavl) had been implicated in LRP6 internalization in response to Wnt3a stimulation [23], it
had no effect on LRP6 internalization in response to LDL. However, LRP6 internalization
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was significantly impaired after clathrin knock down. Both clathrin and LRP6 colocalized in
the cell membrane and the juxtanuclear region suggesting clathrin-mediated LRP6 vesicular
internalization in response to LDL [28].

The overexpression of LRP6-R611C in both CHO-kland CHO-IdIA7 did not increase LDL
binding and uptake. Of note, LDLR internalization in response to LDL was significantly
impaired in LRP6-R611C compared to wild type. The LDLR-clathrin complex was mainly
present on cell membrane in the LRP6-R611C cells with minimal distribution in the
juxtanuclear region compared to wild type cells. This confirmed that the damaging LRP6
mutation compromised LDLR internalization and LDL uptake and is likely the significant
contributor to hypercholesterolemia phenotype in the LRP6-R611C mutation carriers.

2.2 LRP6, de novo lipogenesis, and LDL synthesis

LRP6 facilitates LDL clearance via LDL receptor (LDLR)-dependent vesicular endocytosis
by forming a complex with LDLR and clathrin. Elevated LDL in patients with the LRP6-
R611C mutation is, partially, due to decreased receptor-mediated uptake [27, 28, 30].

In vivo experimentation, 3 months mice carrying the LRP6 R611C mutation (heterozygous)
on chow diet had significantly higher LDL, cholesterol and triglycerides compared to wild
type. Furthermore, these levels were even higher in R611C homozygous mice. The
hyperlipidemia phenotype was exacerbated by placing the mice on a high cholesterol/high
fat diet with evidence of high VLDL triglyceride content and higher non-HDL cholesterol
content compared to wild type.

In a mouse model that is deficient of the LDLR, introduction of the LRP6-R611C mutation
resulted in significant increase of hypertriglyceridemia associated with increased very low-
density lipoprotein (VLDL) particles, in addition to LDL and total cholesterol. Given that
the effect of the R611C mutation on LDL binding and uptake has been shown to be mild, the
major differences in plasma lipoproteins levels were attributed to increased LDL and VVLDL
synthesis and ApoB secretion [31].

While VLDL clearance was similar in LRP6-R611C homozygous mice compared to control,
VLDL-apoB production was significantly increased in the LRP6 mutant mice. Furthermore,
there was a 7-fold increase in de novo lipogenesis in the LRP6 mutant mice concordant with
upregulation of SREBP1 and LXRa [31]. In parallel the expression of Insigl and Insig2
were reduced. Interestingly, TCF7L2 binds the 3" transcription start site of Insigl [32] and
TCF7L2 is a transcription factor downstream of LRP6. Hence, the reduced expression of
Insigl mRNA and protein are consistent with impaired canonical Wnt signaling in the
LRP6-R611C homozygous mice.

LDLR negative and LRP6 mutant mice also had significantly higher blood LDL levels
compared to LDLR negative mice. The majority of this increase was attributed to increased
hepatic cholesterol production in the setting of increased hepatic mRNA and protein
expression of HMG-CoA reductase. The expression and activities of enzymes regulating de
novo lipogenesis, triglyceride and cholesterol synthesis (Sp1, IGF1, mTOR, ACC1, FASN,
SCD1, HMGCR, apoB, MTP, SREBP1 and SREBP2) decreased significantly when mouse
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hepatocytes were treated with recombinant mouse Wnt3a (rmWnt3a). Furthermore, systemic
in vivo administration of Wnt3a to LRP6-R611C homozygous mice significantly reduced
the plasma levels of triglycerides, LDL and total cholesterol.

2.3 LRP6 and non-alcoholic fatty liver disease (NAFLD)

Interestingly, patients with the LRP6-R611C mutation were diagnosed with NAFLD and
non-alcoholic steatohepatitis (NASH) based on computed tomography imaging and
laboratory analysis with increased plasma aminotransferases. LRP6-R611C homozygous
mice on high fat diet also developed hepatic insulin resistance and severe fatty liver disease
with increased transaminase levels, increased total hepatic triglyceride and cholesterol
content compared to controls [31].

The LRP6 mutant mice exhibited increased mTORC1 activity a key regulator of metabolism
[33], as evidenced by increased phosphorylation of S6K, S6, and 4E-BP1 compared to wild
type. Hepatic AKT/PI3K/mTOR can be activated by insulin growth factor (IGF1) [34] and
this was significantly higher in plasma and the liver of LRP6-R611C homozygous mice
compared to wild type. Hepatic IGF1R was also overexpressed in mutant mice compared to
wild type. However, IRS1 phosphorylation was decreased in the mutant mice, which means
that AKT/mTOR activation in these mice is independent of IRS-1 [31]. The increased
IGF1R expression in the setting of impaired LRP6 is due to decreased ubiquitination and
enhanced sumoylation [35]. Furthermore, impaired canonical Wnt in LRP6-R611C mice
caused downregulation of Sp5 that suppresses Spl. As a result, increased Spl transcriptional
activity upregulated IGF1 [31].

Further analysis of the liver tissue of the LRP6 mutant mice showed significant infiltration
with inflammatory cells aside from the greater fat content compared to controls [36]. These
mice also went on to develop liver fibrosis. Protein levels of inflammatory cell markers
CD68, F4/80, IL-6, and MPO were also considerably elevated in the liver. The expression of
PNPLA3, a membrane-bound SREBP1c-regulated triacylglycerol lipase that is associated
with NAFLD [37], was also increased in the LRP6-R611C mice.

The expression and phosphorylation of RhoA and ROCK2 were significantly increased in
LRP6-R611C mouse liver and in cells with LRP6 knockdown [36]. Both enzymes are
downstream effectors of non-canonical Wnt that are usually inhibited by canonical Wnt
signaling. PKC is another enzyme in the non-canonical pathway that displayed increased
phosphoactivation in the mutant mice with significantly increased activity in its downstream
effector transforming growth factor (TGF)-p. In turn TGF-B triggers hepatic fibrosis by
increasing expression of extracellular matrix proteins. Of note non-canonical Wnt has been
implicated in inflammation [38, 39] and in the setting of LRP6-R611C mutation the
activation of the non-canonical pathway seems to underlie hepatic steatosis, inflammation
and steatofibrosis in affected patients that is rescued by administration of Wnt3a
administration [36].

2.4 LRP6 and vascular smooth muscle proliferation

Traditionally, atherosclerotic arterial disease is attributed to arterial wall plaque formation
with lipid laden macrophages. There is an increasing recognition for a disease entity known
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as plaque erosion. This type of coronary artery disease and cause of myocardial infarction
was first discovered in pathological specimens of patients with myocardial infarction. The
disease is more prevalent in women and young individuals than plaque rupture from
atherosclerosis. The hallmark of plaque erosion is absence or reduced inflammatory cells
and proliferation of vascular smooth muscle cells (VSMC) [40, 41] . The role of vascular
smooth muscle cell (VSMC) proliferation in pathogenesis of CAD is also noted in recent
genome-wide association (GWAS) studies of myocardial infarction and CAD. Common
variants in TCF21 and Anril locus are linked to VSMC proliferation [42, 43]. In fact,
patients with rare mutations in the alpha actin gene develop coronary artery occlusions due
to excessive proliferation of VSMC [44].

VSMC proliferation, activated by platelet derived growth factor (PDGF) in response to
endothelial injury, contributes to atherosclerosis [45, 46]. Inhibition of PDGF VSMC
proliferation is known to diminish the atherosclerotic burden [47, 48]. Examination of
coronary arteries from patients with atherosclerosis and healthy individuals showed
significantly increased expression of LRP6 and PDGF receptor (PDGFR)-B in the subintima
and muscularis layer of all atherosclerotic arteries compared to normal. Furthermore, LRP6
and PDGFR- co-localized and immunoprecipitated together [49].

Although canonical Wnt stimulation with Wnt3a causes significant increase in smooth
muscle cell proliferation, this effect was blunted in cells expressing LRP6-R611C.
Therefore, the atherosclerosis in LRP6-R611C patients is not explained by increased Wnt-
dependent smooth muscle proliferation. Surprisingly, the proliferative effect of PDGF-p
stimulation was significantly enhanced in smooth muscle cells overexpressing LRP6-R611C
compared to wild type LRP6 and this was concomitant with cyclin D1 levels. While
PDGFR-B (receptor) was downregulated after exposure to PDGF-B in wild type LRP6 cells,
there was no downregulation in the LRP6-R611C cells. Interestingly, wild type LRP6 caused
increased ubiquitination of PDGFR- and degradation through the lysosomal pathway. The
antiproliferative effect of LRP6 also resulted from decreased phosphoactivation of ERK1/2
and the JAK-STAT pathway. This effect was impaired in the LRP6-R611C mutation carriers
[49].

Aortic walls from mice homozygous for LRP6-R611C mutation on a 3-month chow diet
revealed increased medial thickening, VSMC hyperplasia and disrupted elastic fibers which
usually occurs in the setting of endothelial damage [50]. This was associated with decreased
expression of contractile proteins. There was also increased expression of insulin growth
factor-1 (IGF1), PDGF receptors and PDGF ligands in the aortic media and VSMCs
compared to wild type mice. The administration of Wnt3a ligand reversed the latter
phenotype with reduction in medial thickening, VSMC proliferation, and expression levels
of IGF1, PDGF receptors and PDGF ligands.

Protein expression and mRNA levels of Sp1, a ubiquitously expressed transcription factor
and an established regulator of VSMC plasticity [51-53], were significantly increased in
LRP6-R611C VSMCs compared to WT [50]. Unsurprisingly, LRP6-R611C VSMCs
exhibited considerably lower expression of the contractile proteins, and increased expression
of vimentin that is a marker for mesenchymal cells and undifferentiated VSMCs.
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Stimulation of LRP6 with canonical Wnt ligand (Wnt3a) caused dramatic suppression of
Spl [50].

TCF7L2 that had been previously linked to Sp1 transcriptional regulation [32] exhibited
decreased levels in VSMCs and the aortic media of LRP6-R611C homozygous mice.
However, treatment with Wnt3a significantly increased TCF7L2 expression in a steady
fashion peaking at 8 hours with concomitant decline in Sp1 expression that reached a nadir
at 8 hours. Interestingly, Wnt3a administration had minute effects on p-catenin expression in
LRP6-R611C mice. TCF7L2 suppressed Spl transcription by binding to T-C-A-A-A-G
motif downstream from transcription initiation site, as detected with ChIP assay [50].

Reduced canonical Wnt signaling was evident in the aortic media of LRP6-R611C mice
with reduction of phosphorylated LRP6 and cyclinD1 levels. Analysis of the non-canonical
Wht signaling pathway showed significantly increased activation of RhoA, JNK, and Nemo-
like kinase (NLK) in LRP6-R611C mice compared to wild type. Administration of Wnt3a
increased TCF7L2 and cyclin D1 expression while inhibiting the non-canonical pathway
enzymes RhoA, JNK, and NLK [50].

In response to guide wire induced carotid injury, LRP6-R611C mice showed significant
neointima formation compared to wild type mice. This was accompanied by reduced
TCF7L2 and increased Spl expression. Wnt3a resulted in significant protection against
neointima formation in injured mice and this correlated with increased TCF7L2 and
suppressed Sp1l when compared to untreated LRP6-R611C mice [50]. Strikingly, the LRP6
R611C homozygous mice on 10 months of high-cholesterol diet developed severe coronary
artery disease with extensive neointima formation and increased apoptosis in the tunica
media and adventitia in contrast to mice on a chow diet. The increased apoptosis correlated
with increased Sp1 expression [50]. Surprisingly, homozygous LRP6-R611C deficient mice
had decreased expression of macrophage activation chemokine (MCP-1) despite increased
atherosclerosis compared to LDLR deficient mice with no additional differences
inflammatory plasma cytokines. Instead these mice had increased CD3+ T cells and
increased eosinophil markers in atherosclerotic lesions[50]. It has been shown in LDL
receptor-deficient mice fed a high-cholesterol diet that anti-CD3 antibody causes regression
of atherosclerosis with via augmenting a regulatory T-cell response in mice [54].
Hypereosinophilia has been implicated in coronary artery calcification in study of subjects
with a clinical suspicion of coronary heart disease, using multislice computed tomography
[55]. This suggested that VSMCs produce and accumulate cholesterol and worsen the
atherosclerotic burden via proliferating into the neointima [50].

2.5 LRP6, body mass, diet and glucose metabolism

While the complete LRP6 knock-out mice (LRP6—/-) were embryonically lethal, the
LRP6+/- mice appeared normal but exhibited enhanced glucose tolerance and insulin
sensitivity compared with their wild-type littermates [56]. When placed on a high fat diet,
the LRP6+/- mice were protected from obesity and insulin resistance compared to wild
type. In response to high-fat diet, the LRP6+/— mice demonstrated increased adipose tissue
expression of IRS. Interestingly, insulin signaling was enhanced in the brown adipose tissue
(BAT) and liver but not in skeletal muscles of LRP6+/— mice. The increased insulin
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sensitivity was due to reduced Wnt-dependent mammalian target of rapamycin complex 1
(mTORCY1) activity and enhanced expression of brown adipose tissue PGC1-a. and UCP1 in
addition to increased S6K and S6 phosphorylations [56]. Of note, PGC1-x primarily
regulates energy expenditure in mitochondria of the brown adipose tissue and is inhibited by
Whnt-10b [57, 58].

Additionally, LRP6+/— mice on 3 weeks of high-fat diet had lower blood glucose levels
compared to wild type mice. When subjected to hyperinsulinemic-euglycemic clamp
studies, the endogenous hepatic glucose output was lower in LRP6+/— compared to wild
type. This correlated with decreased levels of gluconeogenic enzymes (glucose-6-
phosphatase and phosphoenolpyruvate carboxykinase) and decreased activity of FoxO1; a
key regulator of gluconeogenesis. This implicates LRP6 as an energy-sensitive regulator of
weight and glucose metabolism via the mTORC network [56].

Later studies confirmed the importance of LRP6-Wnt signaling in regulating body weight
and food intake, as it is expressed in the hypothalamus and NPY neurons in the arcuate
nucleus [59]. LRP6+/— mice more specifically had lower body fat content compared to wild
type mice. However, this wasn’t due to decreased food intake. Although plasma leptin levels
were not changed, the leptin receptor gene was significantly upregulated with corresponding
phosphomodulation of downstream targets. Wnt stimulation of the hepatocytes had the
opposite effect on leptin receptor expression, which means that in haploinsufficient LRP6+/
—mice, the decreased inhibitory effect of canonical Wnt on leptin receptor contributes to
increased insulin sensitivity [56]. Interestingly, blockade of non-canonical signaling in
adipocytes with a Wntba antagonist (SFRP5) has been shown to improve glucose tolerance
[60]. Conversely, mice lacking sFRP5 that were placed on a high-calorie diet developed
evidence of metabolic syndrome with insulin resistance and NAFLD [60].

LRP6-R611C mutation carriers had significantly reduced expression insulin receptors in
skeletal muscle. TCF7L2 a potent transcriptional regulator that is activated by canonical
Whnt, binds a TCF/LEF binding motif within the IR promoter and promotes transcription
[35]. Accordingly, overexpression of exogenous TCF7L2 in skin fibroblasts of LRP6-R611C
mutation regained normal insulin receptor (IR) expression, further confirming the biological
importance of this transcription factor in regulation of IR transcription and insulin signaling
in humans [35]. Additional studies showed that impaired ubiquitination of IGFR by the
LRP6-R611C enhances the activities of the IGF-mTORC1 contributing to insulin resistance
via mTORC1/pS6K dependent serine phosphorylation of IRS-1 [35].

3.Conclusion

Our investigations uncovered an extremely important and highly conserved pathway whose
dysregulation causes pleiotropic metabolic abnormalities consistent with metabolic
syndrome. LRP6 mutations in humans (R611C, R473Q, R360H, and N433S) are causally
linked with autosomal dominant MetS and some of these mutations reduce the canonical
Whnt signaling by up to 40% [19, 61].
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The LRP6 mutations interfered with LDL clearance, LDLR internalization and clathrin
mediated LDL uptake as demonstrated with /in vitroand in vivo experimentation in mice [27,
28]. Further contributing to the hyperlipidemia in mutation carriers, the LRP6-R611C
mutation increased LDL synthesis, de novo lipogenesis, and VLDL secretion [31].

The pathogenic LRP6 mutation also caused non-alcoholic fatty liver disease due to
activation of noncanonical Wnt and downstream TGF pathway thus causing liver
inflammation and fibrosis [31, 36].

Patients with LRP6-R611C developed premature onset coronary artery disease which was
caused by excessive proliferation of undifferentiated VSMCs. This is now attributed to
increased activity of growth factors in the setting of increased non-canonical Wnt signaling
and lack of TCF7L2 inhibition of Sp-1 [49, 50].

The increased body fat and insulin resistance seen with patients carrying the LRP6-R611C
mutation were found to be due to decreased insulin receptor (IR) expression in the setting of
increased non-canonical Wnt signaling and inhibition of TCF7L2 thus leading to activation
of mMTORC1 pathway and serine phosphorylation of IRS1 as demonstrated with /n vitro and
in vivo experimentation [35, 56].
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Abbreviation list;:

ACC1 Acetyl-CoA carboxylase 1

ApoB apolipoprotein B

ApoE apolipoprotein E

BAT brown adipose tissue

BMI body mass index

CAD coronary artery disease

Cavl Caveolin 1

EGF epidermal growth factor

ERK1/2 Extra-cellular signal Regulated Protein Kinases
FACS Fluorescence-activated cell sorting
FASN Fatty acid synthase

FoxO1 Forkhead box protein O1

Fz frizzled receptor
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GWAS
HA
HMGCR
IGF1
Insigl
IR
IRS1
JAK
LDL
LDLR
LEPR
LPL
LRP6
LXRa
MetS
mTOR
mTORC1
MTP
NAFLD
NASH
NLK
NPY
PDGF
PDGFR

PGCl-a

PKC
PLC

PNPLA3

genome wide association studies
hemagglutinin
3-Hydroxy-3-Methylglutaryl-CoA Reductase
insulin growth factor 1

Insulin Induced Gene 1

insulin receptor

Insulin Receptor Substrate 1

Janus kinases

low density lipoprotein

LDL receptor

leptin receptor

lipoprotein lipase

LDL receptor-related protein 6

Liver X receptor alpha

Metabolic syndrome

mechanistic target of rapamycin
mechanistic target of rapamycin complex 1
Microsomal triglyceride transfer protein
non-alcoholic fatty liver disease
non-alcoholic steatohepatitis

nemo-like kinase

Neuropeptide Y

platelet derived growth factor

platelet derived growth factor receptor

Peroxisome proliferator-activated receptor gamma coactivator 1-

alpha
Protein kinase C

phospholipase C

Patatin-like phospholipase domain-containing protein 3

Nutr Res. Author manuscript; available in PMC 2020 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Abou Ziki and Mani

Page 12

Rac Ras-related C3 botulinum toxin substrate, member of the Rho family
of GTPases

RhoA Ras homolog gene family member A

RNA ribonucleic acid

ROCK?2 Rho associated coiled-coil containing protein kinase 2

ROR receptor tyrosine kinase-like orphan receptor

RYK Derailed/receptor tyrosine kinase

SCD1 Stearoyl-CoA desaturase-1

Spl specificity protein 1

SREBP1 sterol regulatory element-binding protein 1

SREBP2 sterol regulatory element-binding protein 1

STAT Signal Transducer and Activator of Transcription proteins

TCF7L2 Transcription factor 7-like 2

TG Triglycerides

TGF-03B2 transforming growth factor 03B2

UCP1 Uncoupling Protein 1

VLDL very low density lipoprotein

VSMC vascular smooth muscle cell
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Highlights:

Metabolic syndrome is a cluster of heritable metabolic traits, which centers
around obesity and insulin resistance and is a major contributor to the
growing prevalence of cardiovascular disease worldwide.

In genetic study of a kindred with severe manifestations of metabolic
syndrome, mutations in the Wnt co-receptor LRP6 gene have been discovered
that underlies the pleiotropy of these cardio-metabolic abnormalities.

Impaired canonical Wnt signaling and the activation of non-canonical Wnt
signaling constitute the underlying mechanisms for these cardio-metabolic
abnormalities and subsequent end-organ damage.
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Figure 1.
Schematic summary of the Wnt signaling derangements and the different traits of metabolic

syndrome. The canonical Wnt pathway is activated when Wnt ligand binds to the Frizzeled
(FZD) receptor and the LRP6 co-receptor, this in turn activates LDL uptake through Clathrin
mediated endocytosis. Canonical Wnt also activates TCF7L2 transcription factor that
inhibits LDL and triglyceride (TG) synthesis and excretion. In addition, TCF7L2 leads to
increased glucose uptake via the insulin receptor (IR) and inhibition of vascular smooth
muscle cell (VSMC) proliferation, and inhibition non-alcoholic fatty liver disease (NAFLD)
via inhibiting hepatic insulin growth factor (IGF) expression. Activation of the canonical
Whnt pathway reduces NAFLD and hepatic fibrosis also via inhibition of TGF-p.
Interestingly the canonical and non-canonical Wnt pathways reciprocally inhibit each other.
Non-canonical Wnt is activated via binding of Wnt ligand to the FZD receptor and
RYK/ROR co-receptor.
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