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Abstract

Microfibril-associated glycoproteins 1 and 2 (MAGP-1, MAGP-2) are protein components of
extracellular matrix microfibrils. These proteins interact with fibrillin, the core component of
microfibrils, and impart unique biological properties that influence microfibril function in
vertebrates. MAGPs bind active forms of TGFp and BMPs and are capable of modulating Notch
signaling. Mutations in MAGP-1 or MAGP-2 have been linked to thoracic aneurysms and
metabolic disease in humans. MAGP-2 has also been shown to be an important biomarker in
several human cancers. Mice lacking MAGP-1 or MAGP-2 have defects in multiple organ
systems, which reflects the widespread distribution of microfibrils in vertebrate tissues. This
review summarizes our current understanding of the function of the MAGPs and their relationship
to human disease.
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1. INTRODUCTION

The extracellular matrix (ECM) evolved to provide structural and informational support to
cells. Within the ECM, numerous proteins, glycoproteins, and proteoglycans form a
composite biomaterial that can differ significantly between tissues. While each ECM protein
has its own unique set of functional properties, in most cases, it is the combinatorial signal
produced by that component and its interacting partners that influence cell behavior. An
example is the microfibril; ~12 nm fibers that provide strength to tissues, facilitate elastin
assembly and regulate growth factor availability [1-5]. The major structural proteins of the
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microfibril are the fibrillins (FBN1, FBN2 & FBN3), which are large modular glycoproteins
consisting of repeating calcium-binding epidermal growth factor-like domains interspersed
between unique 8-cysteine sequences [4, 6, 7]. With the appearance of vertebrates, there
emerged a unique set of microfibril-associated proteins that interact with fibrillin to facilitate
elastin assembly (fibulin-4 & -5), growth factor signaling (emilins, LTBPs, and MAGPS),
and microfibril assembly (ADAMTS) [8, 9]. Mutations in genes for fibrillin and these
associated proteins all lead to known human diseases.

Microfibril-associated glycoprotein-1 and -2 (MAGP-1 & MAGP-2) form a unique two-
member family of proteins that associate with fibrillin in vertebrate microfibrils (reviewed in
[10]). MAGP-1 was first isolated from elastic tissues [11] and was initially suggested to be a
bridging protein that facilitated elastin assembly on the microfibrillar bed. It is now clear
from gene knockout studies that neither MAGP-1 nor MAGP-2 is required for elastin
assembly; elastic fibers form normally when one or both MAGPs are deleted in mice [12,
13]. Abnormalities in MAGP-deficient animals appear in numerous organ systems, which
reflects the wide-spread distribution of MAGPs and their importance to normal tissue
function. A common mechanism underlying most of the traits associated with mutant
MAGP phenotypes is altered TGF signaling, although the MAGPs can also influence cell
signaling through the Notch pathway.

Both MAGPs covalently bind to fibrillin through their “matrix binding domains,” a cysteine-
rich region near the C-terminus of each protein (Figure 1). Sequences near their amino
terminus define areas for growth factor binding and interactions with other ECM proteins,
including tropoelastin, collagen VI, decorin, and biglycan [14-16]. MAGP-2, but not
MAGP-1, has an integrin recognition sequence (R-G-D) that enables its interaction with
avp3 integrin [17]. MAGP-2 has a more restricted pattern of tissue expression than
MAGP-1, being absent from the microfibrils of the ocular zonule, the peritubular matrix of
fetal and mature kidney, and the medial layer of the aorta. High-level expression of MAGP-2
occurs in skeletal muscle, lung, mammary gland, thymus, uterus, and heart in human and
mouse tissue whereas MAGP-1 is found in most tissues [18,19].

2. MAGP PROTEIN AND MFAP GENE FAMILY NOMENCLATURE

MAGP-1 was the first protein in this family to be characterized followed shortly thereafter
by MAGP-2 [20]. Three other proteins, AMP [21], MFAP3 [22], and MAGP-36 [23], based
on their small size and localization to microfibrils, were grouped together with the MAGPs
as members of the MicroFibril-Associated Protein (MFAP) family. Even though these three
proteins have no structural or sequence homology with MAGP-1 or MAGP-2 or with each
other, they, together with MAGP-1 and MAGP-2, were assigned the gene family name
MFAP and were numbered as their human gene was characterized (MFAPI=AMP [24],
MFAP2=MAGP-1, MFAP3=MFAP3 [22], MFAP4#=MAGP-36 [25], MFAP5=MAGP-2).
The nomenclature is confusing with gene names often mixed up with protein names. For
example, MFAPZis often mistaken for MAGP-2 in the literature and online databases.
Therefore, caution must be exercised when interpreting gene names with these two proteins:
MFAP2= MAGP-1 and MFAP5= MAGP-2.

Matrix Biol. Author manuscript; available in PMC 2019 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Craft et al. Page 3

3. MAGP-1 REGULATION OF GROWTH FACTOR SIGNALING

3.1 TGFB and BMP

A function of microfibrils outside of providing structural support to tissues is to control the
availability of growth factors—particularly members of the TGFp superfamily [26]. Fibrillin
is considered the primary functional protein in this regard, but the MAGPs also have a role
to play in controlling growth factor signaling [13, 27]. All three TGFps are secreted as an
inactive latent dimer bound to a member of the latent TGFB-binding protein (LTBP) family.
This large latent complex (TGFB-LLC) binds to fibrillin molecules in microfibrils, thereby
creating a growth factor reserve in the ECM that can be activated and mobilized when
needed (Figure 2). Many BMPs (BMP2, 4, 5, 7 & GDF5) also interact with fibrillins via a
prodomain that confers latency to the growth factor [28, 29]. The latent form of TGFf that
binds to fibrillin requires activation and release through interactions with proteases or
specific cell-surface integrins [30] (Figure 2, red arrow). The active TGFp that is released is
then free to interact with TGFp receptors on the cell membrane (Figure 2, green arrow).

Binding studies with fibrillin fragments have mapped a high affinity-binding site for pro-
BMPs and TGFB-LLC to the N-terminal region of fibrillin-1 encoded by exons 4-7 [31-33].
Because MAGP-1 also binds to this region of fibrillin-1 [34] (as well as to a second site
defined by exon 24 [35]), a possible mechanism whereby MAGP-1 influences growth factor
activity is by blocking binding of latent growth factors to the microfibril [33] (Figure 2, top).
Dysregulation of TGFp activation and signaling would then occur because TGFp-LLC
would no longer be sequestered in the matrix away from the cell. It should be noted that
whether loss of LLC binding to the matrix results in decreased as opposed to increased
TGFp signaling is not yet clear.

Another scenario has fibrillin and MAGP-1 working together in synergistic ways to
influence growth factor availability. Because the MAGPs can directly bind active, but not
latent forms of TGFp and BMPs [13, 35], MAGP could serve to subdue or terminate TGFp
signaling by removing excess TGFP from the immediate membrane microenvironment
analogous to a decoy receptor (Figure 2, bottom). It is interesting in this regard that TGFp
binds to MAGP-1 and to its receptor with equal affinity. Because the form of TGF@ bound to
MAGP is already activated and noncovalently bound, MAGP could harbor a store of active
growth factor that could be easily mobilized if needed. In this scenario, it is apparent how
the absence of MAGP-1 could account for increased TGFp signaling.

3.2 MAGP and notch signaling

The matrix-binding domain of both MAGP-1 and MAGP-2 has a strong binding preference
for tandem EGF-like motifs and has been shown using direct binding assays or yeast two-
hybrid screens to interact with fibulins, Jagged1, Jagged2, Deltal, Notchl, and multiple
EGF-like domain protein 6 (MEGF6), all of which contain EGF domain repeats [35-39].
MAGP-1 & MAGP-2 interaction with Notch1 [36] leads to release of the Notchl
extracellular domain and subsequent activation of Notch signaling. Also, by interacting with
Jaggedl, MAGP-2 induces its shedding from the cell surface and regulates the activity of the
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shed Jagged1l fragment [39]. As will be shown below, MAGP’s ability to influence Notch
signaling is important in angiogenesis, cancer, and inflammation.

4. MAGP AND CLINICAL PHENOTYPES

The complexity of microfibrils makes discerning the primary function of its component
proteins (particularly the MAGPS) extremely difficult. The application of gene targeting to
inactivate microfibril-associated genes in model organisms, combined with human genetic
studies that have linked specific diseases to mutations in genes for microfibrillar proteins,
are beginning to unlock the complexity of microfibril function. MAGP-1 and MAGP-2,
singly and together, have been inactivated in mice and zebrafish, and recent studies have
linked several human diseases to MAGP mutations. Below is a summary of our current
understanding of how abnormal MAGP expression influences development and disease.

4.1. Cardiovascular system

4.1.1 Thoracic aortic aneurysms and vascular integrity—MFAP5MAGP-2) loss-
of-function mutations in humans have recently been linked to thoracic aortic aneurysms and
dissection (TAAD) [40]. Two mutations in different parts of the MFAP5 gene segregated
with the disease in mutation screens of a large number of TAAD-affected individuals.
Functional analysis showed that the two MFAP5 mutations resulted in MAGP-2
haploinsufficiency. Increased nuclear phosphorylated Smad2/3 was identified in the aorta
from the affected individuals, suggesting TGFp misregulation [40]. These findings are in
agreement with MAGP-2’s ability to bind and sequester TGFp and with increased TGFp
signaling when MAGP-2 is deleted in mice [12]. Interestingly, no mutations in the gene for
MAGP-1 (MFAPZ) were found to track with the disease, indicating that MAGP-1 does not
contribute to TAAD in this group.

Vascular disease associated with MFEAPS heterozygosity in humans is different from what
was found in mice. No vascular phenotype was identified in mice heterozygous for MAGP-1
(Mfap2*") or MAGP-2, (Mfap5*/7) or in mice lacking either protein (Mfap2~~ or
Miap5~"). However, aortic dilation was observed when MAGP-1 and MAGP-2 were both
deleted (Mfap2~~; Mfap5~"). Vascular changes in double knockout mice occurred between
the 4t and 6™ month of age, suggesting that deterioration of vessel wall integrity is age-
dependent in these animals [12].

In zebrafish, morpholino knockdown of MAGP-1 resulted in dilated vessels in the brain and
the eyes, irregular lumens in axial vessels, and a dilated caudal vein with altered venous
plexus formation. The fish were viable with these defects, and the phenotypes were
incompletely penetrant [41]. Transiently expressed MAGP-1 protein rescued the vascular
abnormalities, confirming that the vascular phenotypes are specific to the loss of the
MAGP-1. Similar phenotypes (vessel dilation) were observed when MAGP-1 was
overexpressed in zebrafish embryos indicating that a critical balance of MAGP-1 protein
level is required for proper vascular morphogenesis [41]. Interestingly, fibrillin-1 and
MAGP-1 morphant embryos exhibited overlapping vascular defects, supporting synergistic
effects of these microfibrillar proteins.
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4.1.2 MAGPs and angiogenesis—Knockdown of MAGP-1 in zebrafish resulted in the
arrested development of the hyaloid vasculature characterized by defects in angiogenic
remodeling and failure of vessels to coalesce into defined branches [42]. A characteristic of
the phenotype was an aggregate of vascular endothelial cells at the posterior lens and a
remarkably reduced number of branches that appear thicker poorly patterned and stagnated
compared to hyaloid vasculature of wild-type (WT) larvae or control morphants [42, 43].
These branching defects in MAGP-1 morphant embryos suggests a role for MAGPs in
vascular patterning. Whether MAGP works through direct cell-matrix interaction or by
regulating growth factor signaling pathways is not known. However, a screen of
differentially expressed genes associated with endothelial cell angiogenesis identified
MAGP-2 as a pro-angiogenic factor [44]. Functional studies showed that MAGP-2
influenced endothelial cell sprouting by antagonizing Jagged1’s ability to induce Notchl
cleavage and activation [38]. Notch signaling is known to antagonize angiogenic sprouting
[45], which means that by interacting with Jagged1 and suppressing Notch signaling,
MAGP-2 has the potential to serve as a novel activator of sprouting of endothelial cells and
angiogenesis.

4.1.3 Overlapping function of MAGP-1 and MAGP-2 in maintaining vessel wall
integrity—Disruption of vessel wall integrity through inactivation of the MAGP-2 gene in
humans, the MAGP-1 gene in fish, and MAGP-1 and MAGP-2 together in mice suggests
that MAGP-1 and MAGP-2 have shared, or overlapping, primary functions in maintaining
vessel integrity. It is possible that the location or overall function of the two MAGPs within
the vessel wall are different between fish, mice, and humans, or that observed differences in
cardiovascular hemodynamics act as biological modifiers. In mouse and bovine aorta,
MAGP-2 is highly expressed in the intima and adventitia whereas MAGP-1 is mostly
expressed in the media associated with elastic fibers [12,18]. Hence, inactivation of both
MAGP genes would have more pronounced effects on vessel wall integrity than the
modification of each gene individually. While more studies are required to thoroughly
understand the role that the MAGPs play in maintaining vessel patterning and maintenance
of aortic wall integrity, zebrafish and mouse studies confirm that neither MAGP is required
for the specification of vascular cell fate.

4.2. MAGP-2 in cancer and inflammation

Elevated MAGP-2 expression has been linked to poor outcome in neck squamous cell
carcinomas [46] and in ovarian cancer [47-49], and has been proposed as an independent
prognostic biomarker of survival and chemosensitivity [49]. MAGP-2 is expressed at high
levels by cancer stromal fibroblasts and promotes tumor cell survival as well as endothelial
cell motility and survival via the avp3 integrin receptor. /n vitro studies demonstrated a
significant increase in ovarian cancer cell motility and invasion potential but not cell
proliferation after treatment with recombinant MAGP-2. These properties were associated
with intracellular calcium release that influenced cytoskeletal changes and mediated
MAGP-2’s motility and invasion-promoting effects [49]. There was also a correlation
between increased MAGP-2 expression and microvessel density, suggesting that the
proangiogenic role of MAGP-2 may lead to increased tumor growth /in vivo [47].
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MAGP-2 has also been shown to have anti-inflammatory activity. When administered to
mice subjected to endotoxemic shock, MAGP-2 reversed the cytokine storm and provided a
significant survival benefit comparable to treatment with anti-inflammatory anti-TNF-a
[50]. MAGP-2 attenuated inflammation by stimulating endogenous secretion of 1L-10. IL-10
is a pleiotropic cytokine that down-regulates Th1 cytokine expression and macrophage
activation, and is the master suppressor cytokine secreted by regulatory T cells.

4.3. Lung disease

The MAGPs play little, if any role, in lung development since mouse lungs develop normally
when one or both proteins are deleted. There is genetic evidence, however, that MAGP-2 is
regulated by FGF signaling, and in turn, serves as a likely mediator of FGFR3 and FGFR4
control of alveologenesis [51]. In adult humans, a single nucleotide polymorphism in an
intron of the MAGP-1 gene (MFAPZ, rs2284746) was associated with lung function in a
genome-wide association study (GWAS). Of the 16 loci showing an association with
pulmonary function, the gene for MAGP-1 gave the most statistically significant signal for
FEV1/FVC [52]. When the SNP for MFAPZ2and the other loci identified in this study were
tested for interaction with smoking versus never smoking, none of the loci showed a
significant interaction. Thus, the genetic effect associated with the MAGP-1 gene variant
underlies lung function variability irrespective of smoke exposure. One of the other genes
identified in the GWAS study as being associated with decreased lung function was TGFp2
[52]. This places TGFp signaling as a plausible mechanism for altered lung function and
would be consistent with MAGP-1’s ability to regulate TGF availability.

In mice, MAGP-1-deficient animals exposed to cigarette smoke for six months developed
less emphysema than wild-type animals [53]. When the extent of inflammation was
characterized, the number of monocytes/macrophages was lower in both the lung tissue and
lavage of the smoke-exposed MAGP-1-knockout animals. Macrophages secrete potent
proteolytic enzymes that lead to the development of emphysema through the destruction of
the lung ECM [54]. Hence, the modest lung damage in the MAGP-1-deficient mice
following cigarette smoke exposure is consistent with the lower macrophage burden in these
animals.

4.4. Skeletal system

To date, no known skeletal diseases have been definitively linked to mutations in the human
MAGP-1 gene. The MAGP-1 gene polymorphism rs2284746, discussed above, was
associated with increased height in the GIANT consortium database [55], which is in
agreement with skeletal studies in mice showing increased bone length in animals lacking
MAGP-1 [56]. MAGP-1 deficiency in mice (Mfap2~") results in numerous bone defects,
supporting a connection between MAGP-1 and skeletal homeostasis. MAGP-1 mRNA levels
are abundant in flushed bone samples and calvaria osteoblasts and osteoblasts derived from
differentiated bone marrow stromal cells. Undifferentiated bone marrow stromal cells, in
contrast, express low levels of MAGP-1 until stimulated to differentiate [57]. Loss of
MAGP-2 (Mfap5~") does not significantly alter bone mass or architecture, and the absence
of MAGP-2 on a MAGP-1-deficient background (Mfap5~~; Mfap2~") does not exacerbate
changes in bone mass architecture associated with MAGP-1 loss-of-function [12].

Matrix Biol. Author manuscript; available in PMC 2019 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Craft et al.

Page 7

A common trait in MAGP-1-deficient mice is the appearance of lesions on adult animal hind
and forelimbs, which were determined to be abnormal healing fractures [13]. These bone
lesions, along with increased overall body length, persisted in the MAGP-1-deficient
animals through several back-crosses into inbred and outbred mouse strains [56, 57]. The
prevalence of bone fractures suggested that bone strength and overall bone quality were
compromised in the MAGP-1-deficient background. DEXA scans confirmed that MAGP-1-
deficient animals have age-dependent osteopenia associated with a reduction in whole-body
bone mineral content as early as eight weeks of age and decreased bone mineral density by
12 weeks. uCT identified narrowing of the marrow cavity despite normal cortical bone
thickness, and examination of cancellous and cortical bone identified the cancellous as most
affected by MAGP-1 deficiency [56-58].

Cancellous bone is characterized by osteoblast (bone forming) and osteoclasts (bone
resorbing) cells lining the bone surface. Osteoblasts produce the highest level of MAGP-1
protein in bone, yet osteoblasts from MAGP-1-deficient animals show normal differentiation
and function /n vitroand in vivo. Thus, defective bone composition and strength in these
animals are not due to an osteoblast defect. Instead, these mice have ~60% more osteoclasts
compared to WT mice, suggesting that increased bone resorption is responsible for the
osteopenia and bone weakening that is seen in MAGP-1 deficiency [57]. Osteoblasts and
osteoclasts are coupled through the production of RANKL by osteoblasts and RANK
receptor on osteoclast precursors (bone marrow macrophages). Signaling through the
RANKL-RANK pathway is a primary mechanism for inducing osteoclastogenesis.
MAGP-1-deficient mice have elevated serum RANKL protein levels due to increased
expression by mutant osteoblasts. This increased RANKL environment helps drive
osteoclastogenesis and accounts for accelerated bone resorption in these animals [27].
Experiments with cultured cells showed that RANKL expression was normalized when
MAGP-1-deficient osteoblasts were treated with a neutralizing antibody targeting free active
TGFB, thereby establishing a link between RANKL expression, compromised bone
integrity, and altered TGFp signaling in MAGP-1 deficiency [27].

A potential contributor to the bone fragility that develops in the absence of MAGP-1 is bone
marrow fat accumulation, which correlates with increased body adiposity and insulin
resistance in MAGP-1-deficient mice (see below) [58]. In these animals, fatty marrow
correlated with reduced white blood cell counts but there was no change in hematopoietic
progenitor cell frequency. There was, however, an accumulation of macrophages consistent
with an ‘inflamed’ state [58]. Pathologic fat accumulation in the bone marrow is often
considered detrimental to skeletal health and can lead to reduced mechanical properties [59].
It is, therefore, possible that the skeletal fragility observed in older MAGP-1 -deficient mice
is linked to excessive marrow fat content.

4.5. Metabolic disease

Both MAGP-1 and MAGP-2 have been linked directly and indirectly to obesity and
metabolic disease in humans. Obesity and diabetes traits are associated with a locus on
chromosome 1p36 that includes the gene for MAGP-1 [60-63]. Consistent with the genetic
data that suggests a role in adipose tissue dysfunction, MAGP-1 expression was shown in
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humans to be elevated in adipose tissues from obese individuals [64]. Like MAGP-1,
MAGP-2 is highly expressed in human adipose tissue and is correlated with markers of
insulin resistance. Obesity-related inflammation either directly or indirectly increases
MAGP-2 (and most likely MAGP-1) expression in adipose tissue [65, 66], but how MAGP-2
influences adipose function is still unclear. Elevated TGFp levels correlate with obesity in
humans and mice, and suggests a mechanistic link between MAGPs, TGFp, and
metabolism.[67, 68].

Mouse models have been particularly useful in elucidating mechanisms whereby the
MAGPs influences adipose tissue function. Increased body weight and fat pad mass
(epididymal) are common phenotypes in MAGP-1-knockout mice [13, 56, 69]. MAGP-1
MRNA expression is detectable in RNA preps from whole white adipose tissue, and the
protein has been visualized by immunohistochemistry [64]. Fractionation of fat pads into the
stromal versus adipocyte compartments reveals that MAGP-1 mRNA is largely derived from
the stromal fraction and not adipocytes (unpublished results). In the absence of MAGP-1,
adipocytes are hypertrophic, but adipocyte number (adipogenesis) is unaffected [64].

Characterization of the metabolic phenotypes in MAGP-1-deficient animals determined that
the excessive adiposity leads to the development of a pre-diabetic state (insulin resistance
and glucose intolerance) which was exacerbated by high-fat diet feeding [56, 58, 64]. The
defect leading to increased lipid accumulation when MAGP-1 is absent is related to elevated
fatty acid uptake in a background of normal lipolysis or lipid catabolism [64]. Energy
expenditure was found to be reduced in MAGP-1-deficient mice, and these animals were
maladaptive to cold challenge, indicating reduced thermogenic potential. Impaired
thermogenesis was not the result of reduced mitochondrial number, but instead, was
associated with reduced expression of uncoupling protein-1 (UCP1), the protein responsible
for proton leaks across the mitochondrial membrane and subsequent heat generation.
Reduced core body temperature, abnormal lipid accumulation in the thermogenic-brown
adipose tissue, and reduced UCP1 expression was apparent at around five weeks of age,
preceding changes in lipid accumulation in white fat, and providing a rationale for
inappropriate fat accumulation in MAGP-1-deficient mice [64]. Interestingly, MAGP-1
transcript in white adipose tissue (epididymal) was elevated in obese mice (high-fat diet
fed). Similarly, MAGP-1 transcript in human subcutaneous white adipose tissue positively
correlated with BMI. Together this suggests that MAGP-1 is expressed as a compensatory
protective response to pathologic fat accumulation.

A comparison of TGFp activity in white adipose tissue from MAGP-1-deficient and WT
mice showed Smad2 phosphorylation to be significantly increased in the MAGP-1 knockout
animals, indicative of elevated TGFp activity [56, 64]. Fibrosis and inflammation, down-
stream consequences of increased TGFp signaling, were also elevated in white adipose
tissue of knockout animals [64]. A role for TGF in orchestrating the MAGP-1-obesity
phenotype was confirmed by treating MAGP-1-deficient and WT mice with a neutralizing
antibody to TGFp. After five weeks of treatment, adiposity and body temperature of
MAGP-1 knockout animals were near WT levels [64]. Thus, MAGP-1 supports energy
expenditure and protects against excess lipid accumulation by regulating the availability of
TGFp. These findings are in agreement with numerous studies showing that TGFf has an
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adverse effect on thermogenesis while supporting white adipose tissue expansion and insulin
resistance [70].

5. COMPARISON OF DISEASE PHENOTYPES: MAGP-1 VERSUS
FIBRILLIN-1

Multiple reports have shown similar skeletal phenotypes in both fibrillin-1 mutant mice and
mice deficient in MAGP-1. Mice with 50% fibrillin-1 expression (MgN), ~30% fibrillin-1
expression (MgR), fibrillin-1 C1039G point mutation (Fbn1¢10396/#) and loss of
fibrillin-1’s exon 7 (H1) have increased bone length and reduced bone mass, similar to
MAGP-1-deficient animals [56]. Characterization of MgR mice and mice lacking fibrillin-1
in bone (Prx1-Cre, Fbn1™ demonstrated increased bone resorption driven by dramatic
increases in RANKL expression and osteoclast number with minor changes in osteoblasts
and bone formation [71]. Similar to Mfap2~~ mice, RANKL and osteoclast number in
fibrillin-1 mutant animals could be normalized by TGF inhibition. Thus, MAGP-1 and
fibrillin-1 appear to have overlapping functions in the regulation of osteoclast number and
bone resorption, mediated through control of TGF bioavailability.

There are, however, distinctions in how MAGP-1 and fibrillin-1 influence bone
mesenchymal stem cell (MSC) differentiation. Loss of MAGP-1 appears to have no
consequence on osteoblastogenesis, and bone loss in these mice occurs before marrow fat
accumulation [56, 57]. In contrast, MSC differentiation frequency is reduced with fibrillin-1
loss and therefore both osteoblast and adipocyte numbers are reduced [72]. Interestingly,
TGFB inhibition was able to restore MSC frequency suggesting that while MAGP-1 and
fibrillin-1 both contribute to TGFp regulation, MAGP-1 and fibrillin-1 do not have
overlapping functions regarding MSC maintenance.

MAGP-1 and fibrillin-1 also have distinct roles in influencing metabolic health. Marfan
syndrome individuals with mutations in fibrillin-1 are often excessively lean and have
elevated TGFp signaling levels. This is a bit of a paradox since elevated TGFp signaling is
positively correlated with obesity, not leanness [67, 70]. As described above, loss of
MAGP-1 in mice leads to the development of metabolic syndrome (obesity, insulin
resistance, hyperlipidemia, and hepatic steatosis) whereas fibrillin-1 mutant mice revealed
only modest metabolic changes, which included slightly increased adiposity and insulin
resistance [56]. When TGFp signaling was assessed, MAGP-1-deficient mice show a
dramatic increase in Smad phosphorylation within adipose tissue [56, 69]. In contrast,
fibrillin-1 perturbation in the MgN, Fbn1¢1059G/# and H1 mice had little effect on TGFp
activity in the adipose tissue despite a clear increase in Smad phosphorylation in the bones
of the same mice [56]. These studies show that perturbation of mature fibrillin-1, in mice,
fails to capture the metabolic phenotypes typical of Marfan Syndrome. Because fibrillin-
associated TGFB-LLC must undergo some form of processing to generate active TGFB, it is
not clear whether loss of TGFB-LLC binding to fibrillin, as has been proposed for Marfan
syndrome mutations, results in increased as opposed to decreased TGFp signaling.
Accumulating evidence suggests that increased TGFp activity seen in many connective
tissue diseases may be unrelated to TGF sequestration issues but occurs as a standard
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response associated with (sometimes unproductive) matrix remodeling [73, 74]. Similarly,
genetic disruption of TGFp signaling pathways in mice suggests that elevated TGFf
signaling may not be responsible for the adverse vascular phenotype associated with Marfan
syndrome and related conditions [75-77].

A non-TGFp-related pathway that links metabolic disease with fibrillin was proposed by
Romere et al [78]. The authors present data suggesting that a C-terminal cleavage product of
fibrillin-1, termed asprosin, has biological activity as a glucogenic protein hormone and is
released from adipose tissue under fasting conditions to stimulate hepatic glucose
production. /n vitro studies with cultured adipocytes are suggestive of fibrillin-1 production
[79], but others have shown significant downregulation of fibrillin-1 upon differentiation of
adipocyte precursors [80, 81]. Current evidence indicates that MAGP-1 in adipose tissue is
derived from the stromal-vascular compartment, not the adipocytes. Because MAGP-1 and
fibrillin are both components of the microfibril, it is likely that fibrillin is produced by cells
in the stromal-vascular compartment as well. Whether adipocytes can produce sufficient
quantities of fibrillin-1 to account for the effects attributed to asprosin is unclear, but the idea
that soluble fibrillin fragments might have biological activity outside of the protein’s
structural role in the microfibril is intriguing.

6. CONCLUSIONS AND FURTHER READING

The close relationship between the MAGPs and fibrillins raises the interesting question of
how much of the pathology associated with fibrillin mutations are directly linked to changes
in MAGP-fibrillin interactions and subsequent MAGP-dependent function. Conversely, do
mutations that result in the absence of MAGP from the microfibril impart gain-of-function
properties to fibrillin? These are complex questions that are difficult to answer when dealing
with a polymeric structure comprising multiple components that influence each other in
defining overall fiber function.

Readers interested in an in-depth discussion of microfibril structure and the role of
microfibrils in growth factor signaling should consult reviews by Cleary and Gibson [2],
Sengle and Sakai [82, 83], and Ramirez et al [72, 84]. Reviews focused on the MAGPs, and
other microfibrillar proteins can be found in [10, 20, 85, 86].

Acknowledgments

Studies performed in the authors’ laboratory were supported by the National Institutes of Health grants RO1-
HL53325 and RO1-HL105314 to RPM, and an American Diabetes Association grant 7-13-JF-16 to CSC. The
authors wish to thank past and present members of the Mecham lab for their contributions to our understanding of
microfibril biology.

ABBREVIATIONS
ADAMTS a disintegrin-like and metalloproteinase domain with
thrombospondin-type 1 motifs
BMP bone morphogenic growth factor
DEXA longitudinal dual energy x-ray absorptiometry

Matrix Biol. Author manuscript; available in PMC 2019 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Craft et al.

References

1.

Page 11
ECM extracellular matrix
FBN fibrillin
LTBP latent TGFB binding proteins
MAGP microfibril-associated glycoprotein
MFAP microfibril-associated proteins
RANK receptor activator of nuclear factor xB
RANKL receptor activator of nuclear factor xB ligand
TBR transforming growth factor-beta receptor | and II
TGFB transforming growth factor-beta
TGFB-LLC transforming growth factor-beta large latent complex
pCT microcomputed tomography

Haust MD. Fine fibrils of extracellular space (microfibrils). Their structure and role in connective
tissue organization. Am J Pathol. 1965; 47(6):1113-37. [PubMed: 5844381]

. Cleary EG, Gibson MA. Elastin-associated microfibrils and microfibrillar proteins. Int. Rev.

Connect. Tiss. Res. 1983; 10:97-209.

. Corson GM, Charbonneau NL, Keene DR, Sakai LY. Differential expression of fibrillin-3 adds to

microfibril variety in human and avian, but not rodent, connective tissues. Genomics. 2004; 83(3):
461-472. [PubMed: 14962672]

. Sakai LY, Keene DR, Engvall E. Fibrillin, a new 350-kD glycoprotein, is a component of

extracellular microfibrils. J. Cell Biol. 1986; 103:2499-2509. [PubMed: 3536967]

. Zhang H, Hu W, Ramirez F. Developmental expression of fibrillin genes suggests heterogeneity of

extracellular microfibrils. J. Cell Biol. 1995; 129:1165-1176. [PubMed: 7744963]

. Jensen S, Robertson I, Handford P. Dissecting the fibrillin microfibril: structural insights into

organization and function. Structure. 2012; 20(2):215-25. [PubMed: 22325771]

. Kielty CM, Sherratt MJ, Marson A, Baldock C. Fibrillin microfibrils. Adv. Protein Chem. 2005;

70:405-436. [PubMed: 15837522]

. Segade F. Molecular evolution of the microfibril-associated proteins: The fibulins and the MAGPs.

In: Keeley FW, Mecham RP, editorsBiology of Extracellular Matrix. Springer Verlag; Berlin-
Heidelberg: 2013. 163-190.

. Hynes R. The evolution of metazoan extracellular matrix. J Cell Biol. 2012; 196(6):671-9.

[PubMed: 22431747]

10. Mecham RP, Gibson MA. The microfibril-associated glycoproteins (MAGPSs) and the microfibrillar

niche. Matrix Biol. 2015; 47:13-33. [PubMed: 25963142]

11. Gibson M, Hughes J, Fanning J, Cleary E. The major antigen of elastin-associated microfibrils is a

31-kDa glycoprotein. J Biol Chem. 1986; 261(24):11429-36. [PubMed: 3015971]

12. Combs M, Knutsen R, Broekelmann T, Toennies H, Brett T, Miller C, Kober D, Craft C, Atkinson

J, Shipley J, Trask B, Mecham R. Microfibril-associated glycoprotein 2 (MAGP2) loss of function
has pleiotropic effects in vivo. J Biol Chem. 2013; 288(40):28869-80. [PubMed: 23963447]

13. Weinbaum J, Broekelmann T, Pierce R, Werneck C, Segade F, Craft C, Knutsen R, Mecham R.

Deficiency in Microfibril-associated Glycoprotein-1 Leads to Complex Phenotypes in Multiple
Organ Systems. J Biol Chem. 2008; 283(37):25533-43. [PubMed: 18625713]

Matrix Biol. Author manuscript; available in PMC 2019 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Craft et al.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

Page 12

Reinboth B, Hanssen E, Cleary EG, Gibson MA. Molecular interactions of biglycan and decorin
with elastic fiber components: biglycan forms a ternary complex with tropoelastin and microfibril-
associated glycoprotein 1. J. Biol. Chem. 2002; 277(6):3950-3957. [PubMed: 11723132]

Finnis ML, Gibson MA. Microfibril-associated glycoprotein-1 (MAGP-1) binds to the pepsin-
resistant domain of the alpha3(VI) chain of type VI collagen. J. Biol. Chem. 1997; 272:22817—
22823. [PubMed: 9278443]

Brown-Augsburger P, Broekelmann T, Mecham L, Mercer R, Gibson MA, Cleary EG, Abrams
WR, Rosenbloom J, Mecham RP. Microfibril-associated glycoprotein (MAGP) binds to the
carboxy-terminal domain of tropoelastin and is a substrate for transglutaminase. J. Biol. Chem.
1994; 269:28443-28449. [PubMed: 7961786]

Gibson MA, Hatzinikolas G, Kumaratilake JS, Sandberg LB, Nicholl JK, Sutherland GR, Cleary
EG. Further characterization of proteins associated with elastic fiber microfibrils including the
molecular cloning of MAG P-2 (MP25). J. Biol. Chem. 1996; 271:1096-1103. [PubMed:
8557636]

Gibson MA, Finnis ML, Kumaratilake JS, Cleary EG. Microfibril-associated glycoprotein-2
(MAGP-2) is specifically associated with fibrillin-containing microfibrils but exhibits more
restricted patterns of tissue localization and developmental expression than its structural relative
MAGP-1. J. Histochm. Cytochem. 1998; 46:871-885.

Segade F, Broekelmann TJ, Pierce RA, Mecham RP. Revised genomic structure of the human
MAGP1 gene and identification of alternate transcripts in human and mouse tissues. Matrix Biol.
2000; 19:671-682. [PubMed: 11102756]

Gibson M. Microfibril-associated glycoprotein-1 (MAGP-1) and other non-fibrillin
macromolecules which may possess a functional association with the 10 nm microfibrils. In:
Robinson P, Godfrey M, editorsMarfan Syndrome: A primer for Clinicians and Scientists.
Springer; Berlin: 2004. 161-177.

Horrigan S, Rich C, Streeten B, Li Z, Foster J. Characterization of an associated microfibril protein
through recombinant DNA techniques. J. Biol. Chem. 1992; 267(14):10087-10095. [PubMed:
1374398]

Abrams W, Ma R, Kucich U, Bashir M, Decker S, Tsipouras P, McPherson J, Wasmuth J,
Rosenbloom J. Molecular cloning of the microfibrillar protein MFAP3 and assignment of the gene
to human chromosome 5g32-933.2. Genomics. 1995; 26(1):47-54. [PubMed: 7782085]

Kobayashi R, Tashima Y, Masuda H, Shozawa T, Numata Y, Miyauchi K, Hayakawa T. Isolation
and characterization of a new 36-kDa microfibril-associated glycoprotein from porcine aorta. J
Biol Chem. 1989; 264(29):17437-44. [PubMed: 2793866]

Yeh H, Chow M, Abrams WR, Fan J, Foster JA, Mitchell H, Muenke M, Rosenbloom J. Structure
of the human gene encoding the associated microfibrillar protein (MFAP1) and localization to
chromosome 15Q15-Q21. Genomics. 1994; 23:443-449. [PubMed: 7835894]

Zhao Z, Lee C, Jiralerspong S, Juyal R, Lu F, Baldini A, Greenberg F, Caskey C, Patel P. The gene
for a human microfibril-associated glycoprotein is commonly deleted in Smith-Magenis syndrome
patients. Hum Mol Genet. 1995; 4(4):589-97. [PubMed: 7633408]

Nistala H, Lee-Arteaga S, Smaldone S, Siciliano G, Ramirez F. Extracellular microfibrils control
osteoblast-supported osteoclastogenesis by restricting TGFp stimulation of RANKL production. J
Biol Chem. 2010; 285(44):34126-33. [PubMed: 20729550]

Craft CS, Broekelmann TJ, Zou W, Chappel JC, Teitelbaum SL, Mecham RP. Oophorectomy-
induced bone loss is attenuated in MAGP1-deficient mice. J Cell Biochem. 2012; 113(1):93-9.
[PubMed: 21898536]

Sengle G, Charbonneau N, Ono R, Sasaki T, Alvarez J, Keene D, Bachinger H, Sakai L. Targeting
of bone morphogenetic protein growth factor complexes to fibrillin. J. Biol. Chem. 2008; 283(20):
13874-13888. [PubMed: 18339631]

Gregory KE, Ono RN, Charbonneau NL, Kuo CL, Keene DR, Bachinger HP, Sakai LY. The
prodomain of BMP-7 targets the BMP-7 complex to the extracellular matrix. J. Biol. Chem. 2005;
280(30):27970-27980. [PubMed: 15929982]

Travis M, Sheppard D. TGF-beta activation and function in immunity. Annu Rev Immunol. 2014;
32:51-82. [PubMed: 24313777]

Matrix Biol. Author manuscript; available in PMC 2019 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Craft et al.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Page 13

Ono R, Sengle G, Charbonneau N, Carlberg V, Bachinger H, Sasaki T, Lee-Arteaga S, Zilberberg
L, Rifkin D, Ramirez F, Chu M, Sakai L. Latent transforming growth factor beta-binding proteins
and fibulins compete for fibrillin-1 and exhibit exquisite specificities in binding sites. J Biol Chem.
2009; 284(25):16872-81. [PubMed: 19349279]

Isogai Z, Ono RN, Ushiro S, Keene DR, Chen Y, Mazzieri R, Charbonneau NL, Reinhardt DP,
Rifkin DB, Sakai LY. Latent transforming growth factor beta-binding protein 1 interacts with
fibrillin and is a microfibril-associated protein. J. Biol. Chem. 2003; 278(4):2750-2757. [PubMed:
12429738]

Massam-Wu T, Chiu M, Choudhury R, Chaudhry S, Baldwin A, McGovern A, Baldock C,
Shuttleworth C, Kielty C. Assembly of fibrillin microfibrils governs extracellular deposition of
latent TGF beta. J Cell Sci. 2010; 123(Pt 17):3006-3018. [PubMed: 20699357]

Jensen SA, Reinhardt DP, Gibson MA, Weiss AS. Protein interaction studies of MAG P-1 with
tropoelastin and fibrillin-1. J. Biol. Chem. 2001; 276:39661-39666. [PubMed: 11481325]

Werneck CC, Trask BC, Broekelmann TJ, Trask TM, Ritty TM, Segade F, Mecham RP.
Identification of a major microfibril-associated glycoprotein-1-binding domain in fibrillin-2. J.
Biol. Chem. 2004; 279(22):23045-23051. [PubMed: 15044481]

Miyamoto A, Lau R, Hein PW, Shipley JM, Weinmaster G. Microfibrillar proteins MAG P-1 and
MAG P-2 induce Notchl extracellular domain dissociation and receptor activation. J. Biol. Chem.
2006; 281(15):10089-10097. [PubMed: 16492672]

Penner AS, Rock MJ, Kielty CM, Shipley JM. Microfibril-associated glycoprotein-2 interacts with
fibrillin-1 and fibrillin-2 suggesting a role for MAG P-2 in elastic fiber assembly. J. Biol. Chem.
2002; 277(38):35044-35049. [PubMed: 12122015]

Albig A, Becenti D, Roy T, Schiemann W. Microfibril-associate glycoprotein-2 (MAGP-2)
promotes angiogenic cell sprouting by blocking notch signaling in endothelial cells. Microvasc
Res. 2008; 76(1):7-14. [PubMed: 18417156]

Nehring LC, Miyamoto A, Hein PW, Weinmaster G, Shipley JM. The extracellular matrix protein
MAGP-2 interacts with Jagged1 and induces its shedding from the cell surface. J. Biol. Chem.
2005; 280(21):20349-20355. [PubMed: 15788413]

Barbier M, Gross M, Aubart M, Hanna N, Kessler K, Guo D, Tosolini L, Ho-Tin-Noe B, Regalado
E, Varret M, Abifadel M, Milleron O, Odent S, Dupuis-Girod S, Faivre L, Edouard T, Dulac Y,
Busa T, Gouya L, Milewicz D, Jondeau G, Boileau C. MFAP5 Loss-of-Function Mutations
Underscore the Involvement of Matrix Alteration in the Pathogenesis of Familial Thoracic Aortic
Aneurysms and Dissections. Am J Hum Genet. 2014; 95(6):736-43. [PubMed: 25434006]

Chen E, Larson JD, Ekker SC. Functional analysis of zebrafish microfibril-associated
glycoprotein-1 (Magp1l) in vivo reveals roles for microfibrils in vascular development and
function. Blood. 2006; 107(11):4364-4374. [PubMed: 16469878]

Alvarez Y, Cederlund M, Cottell D, Bill B, Ekker S, Torres-Vazquez J, Weinstein B, Hyde D,
Vihtelic T, Kennedy B. Genetic determinants of hyaloid and retinal vasculature in zebrafish. BMC
Dev Biol. 2007; 7:114. [PubMed: 17937808]

Shi Y, Tu'Y, De Maria A, Mecham R, Bassnett S. Development, composition, and structural
arrangements of the ciliary zonule of the mouse. Invest Ophthalmol Vis Sci. 2013; 54(4):2504-15.
[PubMed: 23493297]

Albig A, Roy T, Becenti D, Schiemann W. Transcriptome analysis of endothelial cell gene
expression induced by growth on matrigel matrices: identification and characterization of MAGP-2
and lumican as novel regulators of angiogenesis. Angiogenesis. 2007; 10(3):197-216. [PubMed:
17632767]

Alva J, Iruela-Arispe M. Notch signaling in vascular morphogenesis. Curr Opin Hematol. 2004;
11(4):278-83. [PubMed: 15314528]

Ceder R, Haig Y, Merne M, Hansson A, Zheng X, Roberg K, Nees M, lljin K, Bloor B, Morgan P,
Fadeel B, Grafstrom R. Differentiation-promoting culture of competent and noncompetent
keratinocytes identifies biomarkers for head and neck cancer. Am J Pathol. 2012; 180(2):457-72.
[PubMed: 22142811]

Mok S, Bonome T, Vathipadiekal V, Bell A, Johnson M, Wong K, Park D, Hao K, Yip D,
Donninger H, Ozbun L, Samimi G, Brady J, Randonovich M, Pise-Masison C, Barrett J, Wong W,

Matrix Biol. Author manuscript; available in PMC 2019 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Craft et al.

48.

49.

50.

51.

52.

53.

54.

55.

Page 14

Welch W, Berkowitz R, Birrer M. A gene signature predictive for outcome in advanced ovarian
cancer identifies a survival factor: microfibril-associated glycoprotein 2. Cancer Cell. 2009; 16(6):
521-32. [PubMed: 19962670]

Spivey K, Banyard J. A prognostic gene signature in advanced ovarian cancer reveals a microfibril-
associated protein (MAGP2) as a promoter of tumor cell survival and angiogenesis. Cell Adh
Migr. 2010; 4(2):169-71. [PubMed: 20400864]

Leung C, Yeung T, Yip K, Pradeep S, Balasubramanian L, Liu J, Wong K, Mangala L, Armaiz-
Pena G, Lopez-Berestein G, Sood A, Birrer M, Mok S. Calcium-dependent FAK/CREB/TNNC1
signalling mediates the effect of stromal MFAP5 on ovarian cancer metastatic potential. Nat
Commun. 2014; 5:5092. [PubMed: 25277212]

Milwid J, ElIman J, Li M, Shen K, Manrai A, Gabow A, Yarmush J, Jiao Y, Fletcher A, Lee J, Cima
M, Yarmush M, Parekkadan B. Enriched protein screening of human bone marrow mesenchymal
stromal cell secretions reveals MFAP5 and PENK as novel IL-10 modulators. Mol Ther. 2014;
22(5):999-1007. [PubMed: 24496384]

Li R, Herriges JC, Chen L, Mecham RP, Sun X. FGF receptors control alveolar elastogenesis.
Development. 2017; 144(24):4563-4572. [PubMed: 29122839]

Soler Artigas M, Loth D, Wain L, Gharib S, Obeidat M, Tang W, Zhai G, Zhao J, Smith A,
Huffman J, Albrecht E, Jackson C, Evans D, Cadby G, Fornage M, Manichaikul A, Lopez L,
Johnson T, Aldrich M, Aspelund T, Barroso I, Campbell H, Cassano P, Couper D, Eiriksdottir G,
Franceschini N, Garcia M, Gieger C, Gislason G, Grkovic I, Hammond C, Hancock D, Harris T,
Ramasamy A, Heckbert S, Heliovaara M, Homuth G, Hysi P, James A, Jankovic S, Joubert B,
Karrasch S, Klopp N, Koch B, Kritchevsky S, Launer L, Liu Y, Loehr L, Lohman K, Loos R,
Lumley T, Al Balushi K, Ang W, Barr R, Beilby J, Blakey J, Boban M, Boraska V, Brisman J,
Britton J, Brusselle G, Cooper C, Curjuric I, Dahgam S, Deary |, Ebrahim S, Eijgelsheim M,
Francks C, Gaysina D, Granell R, Gu X, Hankinson J, Hardy R, Harris S, Henderson J, Henry A,
Hingorani A, Hofman A, Holt P, Hui J, Hunter M, Imboden M, Jameson K, Kerr S, Kolcic I,
Kronenberg F, Liu J, Marchini J, McKeever T, Morris A, Olin A, Porteous D, Postma D, Rich S,
Ring S, Rivadeneira F, Rochat T, Sayer A, Sayers I, Sly P, Smith G, Sood A, Starr J, Uitterlinden
A, Vonk J, Wannamethee S, Whincup P, Wijmenga C, Williams O, Wong A, Mangino M,
Marciante K, McArdle W, Meibohm B, Morrison A, North K, Omenaas E, Palmer L, Pietilainen
K, Pin I, Pola Shreve Ek O, Pouta A, Psaty B, Hartikainen A, Rantanen T, Ripatti S, Rotter J,
Rudan I, Rudnicka A, Schulz H, Shin S, Spector T, Surakka I, Vitart V, Volzke H, Wareham N,
Warrington N, Wichmann H, Wild S, Wilk J, Wjst M, Wright A, Zgaga L, Zemunik T, Pennell C,
Nyberg F, Kuh D, Holloway J, Boezen H, Lawlor D, Morris R, Probst-Hensch N, Kaprio J, Wilson
J, Hayward C, Kahonen M, Heinrich J, Musk A, Jarvis D, Glaser S, Jarvelin M, Ch Stricker B,
Elliott P, O'Connor G, Strachan D, London S, Hall I, Gudnason V, Tobin M. Genome-wide
association and large-scale follow up identifies 16 new loci influencing lung function. Nat Genet.
2011; 43(11):1082-90. [PubMed: 21946350]

Shifren A, Durmowicz AG, Knutsen RH, Hirano E, Mecham RP. Elastin Protein Levels are a Vital
Modifier Affecting Normal Lung Development and Susceptibility to Emphysema. Am. J. Physiol.
Lung Cell Mol. Physiol. 2006; 292:L778-787. [PubMed: 17142349]

Hautamaki R, Kobayashi D, Senior R, Shapiro S. Requirement for macrophage elastase for
cigarette smoke-induced emphysema in mice. Science. 1997; 277(5334):2002-2004. [PubMed:
9302297]

Lango Allen H, Estrada K, Lettre G, Berndt SI, Weedon MN, Rivadeneira F, Wilier CJ, Jackson
AU, Vedantam S, Raychaudhuri S, Ferreira T, Wood AR, Weyant RJ, Segre AV, Speliotes EK,
Wheeler E, Soranzo N, Park JH, Yang J, Gudbjartsson D, Heard-Costa NL, Randall JC, Qi L,
Vernon Smith A, Magi R, Pastinen T, Liang L, Held IM, Luan J, Thorleifsson G, Winkler TW,
Goddard ME, Sin Lo K, Palmer C, Workalemahu T, Aulchenko YS, Johansson A, Zillikens MC,
Feitosa MF, Esko T, Johnson T, Ketkar S, Kraft P, Mangino M, Prokopenko I, Absher D, Albrecht
E, Ernst F, Glazer NL, Hayward C, Hottenga JJ, Jacobs KB, Knowles JW, Kutalik Z, Monda KL,
Polasek O, Preuss M, Rayner NW, Robertson NR, Steinthorsdottir V, Tyrer JP, Voight BF, Wiklund
F, Xu J, Zhao JH, Nyholt DR, Pellikka N, Perola M, Perry JR, Surakka I, Tammesoo ML, Altmaier
EL, Amin N, Aspelund T, Bhangale T, Boucher G, Chasman DI, Chen C, Coin L, Cooper MN,
Dixon AL, Gibson Q, Grundberg E, Hao K, Juhani Junttila M, Kaplan LM, Kettunen J, Konig IR,
Kwan T, Lawrence RW, Levinson DF, Lorentzon M, McKnight B, Morris AP, Muller M, Suh

Matrix Biol. Author manuscript; available in PMC 2019 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Craft et al.

56.

57.

58.

59.

60.

61.

62.

63.

Page 15

Ngwa J, Purcell S, Rafelt S, Salem RM, Salvi E, Sanna S, Shi J, Sovio U, Thompson JR, Turchin
MC, Vandenput L, Verlaan DJ, Vitart V, White CC, Ziegler A, Almgren P, Balmforth AJ,
Campbell H, Citterio L, De Grand A, Dominiczak A, Duan J, Elliott P, Elosua R, Eriksson JG,
Freimer NB, Geus EJ, Glorioso N, Haiging S, Hartikainen AL, Havulinna AS, Hicks AA, Hui J,
Igl W, Illig T, Jula A, Kajantie E, Kilpelainen TO, Koiranen M, Kolcic I, Koskinen S, Kovacs P,
Laitinen J, Liu J, Lokki ML, Marusic A, Maschio A, Meitinger T, Mulas A, Pare G, Parker AN,
Peden JF, Petersmann A, Pichler I, Pietilainen KH, Pouta A, Ridderstrale M, Rotter JI, Sambrook
JG, Sanders AR, Schmidt CO, Sinisalo J, Smit JH, Stringham HM, Bragi Walters G, Widen E,
Wild SH, Willemsen G, Zagato L, Zgaga L, Zitting P, Alavere H, Farrall M, McArdle WL, Nelis
M, Peters MJ, Ripatti S, van Meurs JB, Aben KK, Ardlie KG, Beckmann JS, Beilby JP, Bergman
RN, Bergmann S, Collins FS, Cusi D, den Heijer M, Eiriksdottir G, Gejman PV, Hall AS, Hamsten
A, Huikuri HV, Iribarren C, Kahonen M, Kaprio J, Kathiresan S, Kiemeney L, Kocher T, Launer
LJ, Lehtimaki T, Melander O, Mosley TH Jr, Musk AW, Nieminen MS, O'Donnell CJ, Ohlsson C,
Oostra B, Palmer LJ, Raitakari O, Ridker PM, Rioux JD, Rissanen A, Rivolta C, Schunkert H,
Shuldiner AR, Siscovick DS, Stumvoll M, Tonjes A, Tuomilehto J, van Ommen GJ, Viikari J,
Heath AC, Martin NG, Montgomery GW, Province MA, Kayser M, Arnold AM, Atwood LD,
Boerwinkle E, Chanock SJ, Deloukas P, Gieger C, Gronberg H, Hall P, Hattersley AT,
Hengstenberg C, Hoffman W, Lathrop GM, Salomaa V, Schreiber S, Uda M, Waterworth D,
Wright AF, Assimes TL, Barroso I, Hofman A, Mohlke KL, Boomsma DI, Caulfield MJ, Cupples
LA, Erdmann J, Fox CS, Gudnason V, Gyllensten U, Harris TB, Hayes RB, Jarvelin MR, Mooser
V, Munroe PB, Ouwehand WH, Penninx BW, Pramstaller PP, Quertermous T, Rudan I, Samani NJ,
Spector TD, Volzke H, Watkins H, Wilson JF, Groop LC, Haritunians T, Hu FB, Kaplan RC,
Metspalu A, North KE, Schlessinger D, Wareham NJ, Hunter DJ, O'Connell JR, Strachan DP,
Wichmann HE, Borecki 1B, van Duijn CM, Schadt EE, Thorsteinsdottir U, Peltonen L,
Uitterlinden AG, Visscher PM, Chatterjee N, Loos RJ, Boehnke M, McCarthy M, Ingelsson E,
Lindgren CM, Abecasis GR, Stefansson K, Frayling TM, Hirschhorn JN. Hundreds of variants
clustered in genomic loci and biological pathways affect human height. Nature. 2010; 467(7317):
832-8. [PubMed: 20881960]

Walji T, Turecamo S, DeMarsilis A, Sakai L, Mecham R, Craft C. Characterization of metabolic
health in mouse models of fibrillin-1 perturbation. Matrix Biol. 2016

Craft C, Zou W, Watkins M, Grimston S, Brodt M, Broekelmann T, Weinbaum J, Teitelbaum S,
Pierce R, Civitelli R, Silva M, Mecham R. Microfibril-associated glycoprotein-1, an extracellular
matrix regulator of bone remodeling. J. Biol. Chem. 2010; 285(31):23858-23867. [PubMed:
20501659]

Walji T, Turecamo S, Sanchez A, Anthony B, Abou-Ezzi G, Scheller E, Link D, Mecham R, Craft
C. Marrow Adipose Tissue Expansion Coincides with Insulin Resistance in MAGP1-Deficient
Mice. Front Endocrinol (Lausanne). 2016; 7:87. [PubMed: 27445989]

Rendina-Ruedy E, Guntur AR, Rosen CJ. Intracellular lipid droplets support osteoblast function.
Adipocyte. 2017; 6(3):250-258. [PubMed: 28792783]

Hoffmann K, Mattheisen M, Dahm S, Nurnberg P, Roe C, Johnson J, Cox N, Wichmann H,
Wienker T, Schulze J, Schwarz P, Lindner T. A German genome-wide linkage scan for type 2
diabetes supports the existence of a metabolic syndrome locus on chromosome 1p36.13 and a type
2 diabetes locus on chromosome 16p12.2. Diabetologia. 2007; 50(7):1418-22. [PubMed:
17464498]

Pausova Z, Gaudet D, Gossard F, Bernard M, Kaldunski ML, Jomphe M, Tremblay J, Hudson TJ,
Bouchard G, Kotchen TA, Cowley AW, Hamet P. Genome-wide scan for linkage to obesity-
associated hypertension in French Canadians. Hypertension. 2005; 46(6):1280-1285. [PubMed:
16216983]

Morris BJ. Dissecting hypertension by obesity identifies a locus at 1p36. Hypertension. 2005;
46:1256-8. [PubMed: 16230514]

Liu YJ, Xu FH, Shen H, Liu YZ, Deng HY, Zhao LJ, Huang QY, Dvornyk V, Conway T, Davies
KM, Li JL, Recker RR, Deng HW. A follow-up linkage study for quantitative trait loci
contributing to obesity-related phenotypes. J. Clin. Endocrinol. Metab. 2004; 89:875-882.
[PubMed: 14764808]

Matrix Biol. Author manuscript; available in PMC 2019 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Craft et al.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Page 16

Craft C, Pietka T, Schappe T, Coleman T, Combs M, Klein S, Abumrad N, Mecham R. The
extracellular matrix protein MAGP1 supports thermogenesis and protects against obesity and
diabetes through regulation of TGF-beta. Diabetes. 2014; 63(6):1920-32. [PubMed: 24458361]

Vaittinen M, Kolehmainen M, Schwab U, Uusitupa M, Pulkkinen L. Microfibrillar-associated
protein 5 is linked with markers of obesity-related extracellular matrix remodeling and
inflammation. Nutr Diabetes. 2011; 1:e¢15. [PubMed: 23154620]

Vaittinen M, Kolehmainen M, Ryden M, Eskelinen M, Wabitsch M, Pihlajamaki J, Uusitupa M,
Pulkkinen L. MFAPS is related to obesity-associated adipose tissue and extracellular matrix
remodeling and inflammation. Obesity (Silver Spring). 2015; 23(7):1371-8. [PubMed: 26054006]
Yadav H, Quijano C, Kamaraju A, Gavrilova O, Malek R, Chen W, Zerfas P, Zhigang D, Wright E,
Stuelten C, Sun P, Lonning S, Skarulis M, Sumner A, Finkel T, Rane S. Protection from obesity
and diabetes by blockade of TGF-beta/Smad3 signaling. Cell Metab. 2011; 14(1):67-79.
[PubMed: 21723505]

Alessi MC, Bastelica D, Morange P, Berthet B, Leduc |, Verdier M, Geel O, Juhan-Vague I.
Plasminogen activator inhibitor 1, transforming growth factor-betal, and BMI are closely
associated in human adipose tissue during morbid obesity. Diabetes. 2000; 49(8):1374-80.
[PubMed: 10923640]

Craft CS. MAGP1, the extracellular matrix, and metabolism. Adipocyte. 2014; 3(4):1-5. [PubMed:
24575362]

Tan C, Chong H, Tan E, Tan N. Getting 'Smad' about obesity and diabetes. Nutr Diabetes. 2012;
2:e29. [PubMed: 23449528]

Smaldone S, Clayton NP, del Solar M, Pascual G, Cheng SH, Wentworth BM, Schaffler MB,
Ramirez F. Fibrillin-1 Regulates Skeletal Stem Cell Differentiation by Modulating TGFbeta
Activity Within the Marrow Niche. J Bone Miner Res. 2016; 31(1):86-97. [PubMed: 26189658]

Smaldone S, Ramirez F. Fibrillin microfibrils in bone physiology. Matrix Biol. 2016; 52-54:191—
197.

Cook J, Clayton N, Carta L, Galatioto J, Chiu E, Smaldone S, Nelson C, Cheng S, Wentworth B,
Ramirez F. Dimorphic Effects of Transforming Growth Factor-p Signaling During Aortic
Aneurysm Progression in Mice Suggest a Combinatorial Therapy for Marfan Syndrome.
Arterioscler Thromb Vase Biol. 2015; 35(4):911-7.

Milewicz DM, Prakash SK, Ramirez F. Therapeutics Targeting Drivers of Thoracic Aortic
Aneurysms and Acute Aortic Dissections: Insights from Predisposing Genes and Mouse Models.
Annu Rev Med. 2017; 68:51-67. [PubMed: 28099082]

Hu J, Wei H, Jaffe M, Airhart N, Du L, Angelov S, Yan J, Allen J, Kang I, Wight T, Fox K, Smith
A, Enstrom R, Dichek D. Postnatal Deletion of the Type Il Transforming Growth Factor-g
Receptor in Smooth Muscle Cells Causes Severe Aortopathy in Mice. Arterioscler Thromb Vase
Biol. 2015; 35(12):2647-56.

Li W, Li Q, Jiao Y, Qin L, Ali R, Zhou J, Ferruzzi J, Kim R, Geirsson A, Dietz H, Offermanns S,
Humphrey J, Tellides G. Tgfbr2 disruption in postnatal smooth muscle impairs aortic wall
homeostasis. J Clin Invest. 2014; 124(2):755-67. [PubMed: 24401272]

Mallat Z, Ait-Oufella A, Tedgui A. The pathogenic transforming growth factor-beta overdrive
hypothesis in aortic aneurysms and dissections. A mirage? Circ.Res. 2017; 120:1718-1720.
[PubMed: 28546355]

Romere C, Duerrschmid C, Bournat J, Constable P, Jain M, Xia F, Saha P, Del Solar M, Zhu B,
York B, Sarkar P, Rendon D, Gaber M, LeMaire S, Coselli J, Milewicz D, Sutton V, Butte N,
Moore D, Chopra A. Asprosin, a Fasting-Induced Glucogenic Protein Hormone. Cell. 2016;
165(3):566-79. [PubMed: 27087445]

Lim JM, Sherling D, Teo CF, Hausman DB, Lin D, Wells L. Defining the regulated secreted
proteome of rodent adipocytes upon the induction of insulin resistance. J Proteome Res. 2008;
7(3):1251-63. [PubMed: 18237111]

Davis MR, Arner E, Duffy CR, De Sousa PA, Dahlman I, Arner P, Summers KM. Expression of
FBN1 during adipogenesis: Relevance to the lipodystrophy phenotype in Marfan syndrome and
related conditions. Mol Genet Metab. 2016; 119(1-2):174-85. [PubMed: 27386756]

Matrix Biol. Author manuscript; available in PMC 2019 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Craft et al.

81.

82.

83.

84.

85.

86.

Page 17

Davis MR, Arner E, Duffy CR, De Sousa PA, Dahlman I, Arner P, Summers KM. Datasets of
genes coexpressed with FBN1 in mouse adipose tissue and during human adipogenesis. Data
Brief. 2016; 8:851-7. [PubMed: 27508231]

Sengle G, Sakai L. The fibrillin microfibril scaffold: A niche for growth factors and
mechanosensation. Matrix Biol. 2015

Sengle G, Tsutsui K, Keene D, Tufa S, Carlson E, Charbonneau N, Ono R, Sasaki T, Wirtz M,
Samples J, Fessler L, Fessler J, Sekiguchi K, Hayflick S, Sakai L. Microenvironmental regulation
by fibrillin-1. PLoS Genet. 2012; 8(1):e1002425. [PubMed: 22242013]

Ramirez F, Dietz H. Extracellular microfibrils in vertebrate development and disease processes. J.
Biol. Chem. 2009; 284(22):14677-14681. [PubMed: 19188363]

Hubmacher D, Reinhardt DP. Microfibrils and Fibrillin. In: Mecham RP, editorThe Extracellular
Matrix: an Overview. Springer-Verlag; Berlin Heidelberg: 2011. 233-265.

Hubmacher D, Apte S. ADAMTS proteins as modulators of microfibril formation and function.
Matrix Biol. 2015; 47:34-43. [PubMed: 25957949]

Matrix Biol. Author manuscript; available in PMC 2019 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Craft et al.

Page 18

Highlights

MAGR-1 and MAGP-2 are microfibril-associated proteins that work with fibrillin
to define microfibril function.

Both MAGPs bind active forms of TGFp and BMPs, and are capable of
modulating Notch signaling.

Neither protein appears to be required for normal development, but mutations in
the MAGP genes lead to defects in multiple organ systems.
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Figure 1.

Developmental Age

Top) Functional domain diagram of MAGP-1 and sequence comparison of MAGP-1 and
MAGP-2. The highly acidic growth factor binding domain of MAGP-1 (red underline) near
the amino terminus is the site for TGFp interaction. The adjacent glutamine-rich motif (blue
underline) mediates self-interaction between MAGP-1 monomers through the formation of
an extremely stable parallel p-pleated “tape” structure. Cysteine residues are contained in
the C-terminal half of both proteins where seven cysteine residues contribute to the
conserved matrix binding domain (shaded region). The last five cysteines in MAGP-1
suggest a ShK motif at the C-terminal end of the protein (green underline, MAGP-1). The
arrowhead indicates a furin cleavage site in MAGP-2 that is absent in MAGP-1. While there
is relatively high sequence homology within the matrix binding domain of MAGP-1 and
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MAGP-2, sequences outside of this region share little homology. Other than the matrix
binding domain, functional sequences in MAGP-2 have not yet been characterized. Bottom:
MAGP and fibrillin gene expression in developing mouse aorta as determined by gene array
analysis. Expression values in arbitrary units are plotted against developmental age, which
begins at embryonic day 14 (E14) through 6 months (P6M). Expression of MAGP-1 is
highest in the fetal and neonatal period and lowest in the adult. MAGP-2 shows the opposite
expression pattern, being lowest in the fetal period and rising throughout the neonatal period
to highest levels in adult tissue. Interestingly, fibrillin-1 has an expression pattern similar to
MAGP-2 whereas fibrillin-2 follows the pattern of MAGP-1. It should be noted, however,
that expression of both MAGPs is relatively high compared to other proteins at all stages of
development.

Matrix Biol. Author manuscript; available in PMC 2019 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Craft et al.

Page 21

Latent o
TG FB Activation

Protease

:S i EE Integrin Active
+I+

Fibrillin

Target Cell

L 0
TZtFe [;‘ t Activation Active

Protease TG FB

. Integrin } +I+

Fibrillin

;I;

Active TGFf3

Target Cell

Figure 2.
Possible mechanisms for TGF growth factor regulation by MAGP. Top) MAGP blocks

binding of the TGFB-LLC to the microfibril by competing for a common interaction site on
fibrillin. Bottom) MAGP serves to subdue TGFp signaling by binding active growth factor
after its release from the LLC. See text for details
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