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Abstract

Microfibril-associated glycoprotein-1 (MAGP1) is an extracellular matrix protein that interacts
with fibrillin and is involved in regulating the bioavailability of signaling molecules such as TGFp.
Mice with germline MAGP1 deficiency (Mfap2~'") develop increased adiposity, hyperglycemia,
insulin resistance, bone marrow adipose tissue expansion, reduced cancellous bone mass, cortical
bone thinning and bone fragility. The goal of this study was to assess whether the Mfap2™'~ bone
phenotypes were due to loss of MAGP1 locally or secondary to a change in whole body
physiology (metabolic dysfunction). To do this, mice with conditional deletion of MAGPL1 in the
limb skeleton were generated by crossing MAGP1-flox mice (Mfap2/o10%) with Prx1-Cre mice.
Mifap2°™-= mice did not show any changes in peripheral adiposity, hyperglycemia or insulin
sensitivity, but did have increased bone length and cancellous bone loss that was comparable to the
germline Mfap2~ knockout. Unlike the germline knockout, marrow adiposity, cortical bone
thickness and bone strength in Mfap2”*~~ mice were normal. These findings implicate systemic
metabolic dysfunction in the development of bone fragility in germline Mfap27/~ mice. An
unexpected finding of this study was the detection of MAGP1 protein in the Mfap2°™/-
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hematopoietic bone marrow, despite the absence of MAGP1 protein in osseous bone matrix and
absent Mfap2transcript expression at both sites. This suggests MAGP1 from a secondary site may
accumulate in the bone marrow, but not be incorporated into the bone matrix, during times of
regional MAGP1 depletion.
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Introduction

Microfibrils are a component of the ECM, created by the polymerization of fibrillin proteins,
that not only provide structural support to tissues, but also are involved in growth factor
signaling and interactions with cell-surface receptors (reviewed in [1,2]). Microfibril-
associated glycoprotein-1 (MAGPL) is a protein that interacts with microfibrils to influence
the bioavailability of signaling molecules (reviewed in [3]). MAGP1 is expressed in most
tissues over time, but expression is highest during the neonatal period in interstitial and
mesenchymal cells [4]. The C-terminal domain of MAGP1 facilitates binding and
incorporation into the matrix, while the N-terminal domain binds and sequesters signaling
molecules such as transforming growth factor beta (TGFP) and bone morphogenetic proteins
(BMPs) [5]. The ability of MAGP1 to bind both fibrillin-1 and TGFp contributes to its role
in regulating the signaling level of TGFp [6-8].

In mice, deficiencies in MAGP1 did not impact structural features of the ECM such as
elastic fiber orientation or elastin density [9], however, there were several other phenotypic
abnormalities. Mice with germline deletion of Mfap2, the gene that expresses MAGP1, have
been shown to have altered hematopoiesis, impaired wound healing, skeletal anomalies and
metabolic dysfunction [5-7,10,11]. Specifically, MAGP1 deficient mice (Mfap2'") have
increased body weight due to increases in adipocyte size, impaired thermoregulation, and
progressive insulin resistance [5,6,11]. The altered metabolic phenotype of Mfap2"~ mice is
linked to TGFp signaling, as treatment with TGFp neutralizing antibody was able to prevent
the development of obesity [6]. Relative to controls, male Mfap2~/~ mice have reduced
cancellous bone mass by 2-month of age, expansion of marrow adipose tissue by 10-months
and altered bone mechanical properties [7,8,10,11]. Spontaneous bone fractures have also
been observed in Mfap2~'~ mice [5,11].

Individuals with diabetes are known to have increased risk for bone fracture, however,
susceptibility cannot be explained by bone mineral density, BMI or glycemic control alone
(reviewed by Napoli et al. [12]). The Mfap2~ mouse is a model of type-11 diabetes (T2DM)
with bone fragility. To distinguish the consequence of obesity/insulin resistance on bone
quality, from loss of MAGP1 in the local bone environment, we generated a mouse in
whichMAGP1 was selectively removed from the limb skeleton. Paired related homeobox 1
(Prrx1, also known as Prx or PrxI) is expressed in early limb bud mesenchyme [13].
Conditional Mfap2°*'~ mice showed a similar loss in cancellous bone to the Mfap2/~
mice, but did not develop insulin resistance, excess peripheral adiposity, or an expansion in
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MAT. Interestingly, despite a significant reduction in cancellous bone mass, cortical bone
thinning and altered mechanical properties found in Mfap2'~ mice were not fully
recapitulated in Mfap2°*~'~ mice. Thus, bone fragility in Mfap2~ mice is likely a
secondary complication of metabolic disease and not loss of MAGP1 within the ossified
bone matrix.

MAGP1 (Mfap2) gene targeting

To generate Mfap2/0X/1oX mice, Mfap2eo/feo mice were bred with mice expressing flippase
(Flp) which caused excision of the neocassette in the germ line, and restoration of MAGP1
expression while leaving loxP sites flanking exon 2 (Fig. 1A-B). Paired related homeobox 1
(Prx, Prx1) Cre mice were then bred with the Mfap2/2%/IoX mice to cause localized deletion
of theMAGP1 in the limbs. As shown in Fig. 1C, Prx1-Cre driven deletion of MAGP1
mRNA (Mfap2°™*~1~) was efficacious in the femurs of both male and female mice. Cre-
driven loss of MAGP1 protein expression from the limbs was also confirmed via Western
blot using tibia protein lysates (Fig. 1D). Depletion of Mfap2 mRNA (MAGPL1) occurred in
both the calcified bone and flushed marrow (Fig. 1E). Expression of Mfap2in the lung and
gonadal white adipose tissue (QWAT) was unaffected by the Prx1-Cre. However, in
agreement with previously published literature [14], Mfap2 (MAGP1) was targeted in the
inguinal white adipose tissue (iWAT) of Prx1-Cre expressing mice (Fig. 1E).

Using micro-computed tomography (UCT), Combs et al. [15] demonstrated that MAGP2-
knockout mice show no osteopenia, and loss of MAGP2 in tandem with MAGP1 (MAGP1/
MAGP2 double knockout mouse) does not exacerbateMAGP1-knockout osteopenia.
Therefore, it is unlikely thatMAGP2 can partially compensate for MAGP1 loss. However,
expression of Mfap5 (MAGP2) transcript was still assessed in Mfap2°™~'~ bones. As
expected, Mfap5 (MAGP2) mRNA expression was unaffected by Prx1-Cre mediated
deletion of Mfap2 (MAGP1) (Fig. 1F).

Prx1-targeted MAGP1 deficiency does not affect adiposity

The goal of this project was to determine whether loss of MAGP1 locally (within the bone)
or metabolic dysfunction (obesity/diabetes) was the cause of bone fragility observed in the
germline MAGP1-deficient mice. Therefore, an extensive metabolic profile was generated
for the Mfap2°™~'~ mice to confirm they lacked an obese-diabetic phenotype. The body
composition of the Mfap2°™~'~ mice was measured by EchoMRI scan. At 3-months, 6-
months, and 10-months, there was no significant difference in the body weight or whole
body fatmass between the Mfap2Prx-/- group and the wild type control group in either
male (Fig. 2A) or female mice (Supplemental Fig. 1A). Whole body lean muscle mass was
slightly reduced at 6- and 10-months in Prx1-Cre; Mfap27' male mice, relative to WT.
Female Mfap27*~I~ mice lean mass was normal at all time points. Tissue weights were also
measured (Fig. 2B, Supplemental Fig. 1B). Gonadal WAT, brown adipose tissue (BAT),
liver, and spleen weights were unchanged relative to controls in Mfap2°*~/~ mice. Despite a
lack of MAGP1 mRNA in the iWAT — Mfap27*~I= iWAT weights were indistinguishable
from WT.
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Glucose metabolism is normal in Prx1-targeted MAGP1 deficiency

Adult Mfap2!~ mice are insulin-resistant and glucose intolerant [6,8,11]. To assess glucose
metabolism in Mfap2°™~= mice, insulin tolerance tests (ITTs) and glucose tolerance tests
(GTTs) were performed. Unlike Mfap2~~ mice, there were no significant differences in the
fasting glucose levels between M7fap2°*~/~ and wild type mice in either male or female mice
at the ages of 3-, 6-, or 10-months (Fig. 3A—C, Supplemental Fig. 2A-C). Male
Miap2°™~mice have normal insulin sensitivity at all time points, and do not develop
insulin resistance like the germline-MAGP1-deficient (Mfap27~) mice (Fig. 3A-C). At
individual time points during the ITT, female Mfap2”*~/~ mice were slightly more insulin
sensitive than WT female mice at 3- and 6-months. However, comparison of the ITT curves
by ANOVA analysis revealed no statistical significance between the genotypes for all ages
(Supplemental Fig. 2A-C). The glucose clearing capacity, as measured by GTT, of male and
female Mfap2°*~I~ mice was unchanged relative to controls at all ages (Fig. 3A-C,
Supplemental Fig. 2A—C). In total, the obese-diabetic phenotypes observed in the Mfap2~-
mice were absent in the Mfap2°*~/~ mice.

Prx1-targeted MAGP1 deficiency results in increased bone length and reduced bone mass

Germline MAGP1 deficiency in mice causes modest increases in long bone length and
significantly reduced bone mass [7,8,10,11]. Tibia lengths of Mfap2”*~/~ mice were
measured by digital caliper, and bone mass and architecture were quantified by micro-
computed tomography (UCT). Both male and female Mfap2°*~'~ mice had modest, but
statistically significant increases in tibia length (~0.5 mm, +3%; Fig. 4A, Supplemental Fig.
3A). Relative to WT, cancellous bone mass (bone volume/total volume, BV/TV) and bone
mineralization (BMD) in male Mfap2”*~/~ mice were trending toward loss by age 3-months
and were significantly less at 6- and 10-months of age (Fig. 4B—C). Percent cancellous bone
loss (—-30% for BV/TV) in Mfap2°™~'~ mice is comparable to that previously observed in
Miap2~~ mice [8,11]. Cortical bone mineral density and thickness of Mfap2°*~/~ tibias was
comparable to WT (Fig. 4D-E). Bone marrow adiposity was determined by uCT imaging of
osmium-stained-decalcified tibias. In contrast to Mfap2~~ mice, which had a significant (5-
fold) increase in marrow adiposity at 10-months of age [11], bone marrow adiposity was
unchanged by local depletion of MAGP1 expression by Prx1-Cre (Fig. 4F-G). All
parameters acquired by uCT of cancellous and cortical bone are shown in Table 1
(cancellous) and Table 2 (cortical).

Depletion of Mfap2 mRNA (MAGP1) in the bones of male and female Mfap2°™~'~ mice
was comparable (Fig. 1C). Despite this, unlike the males, female M7zp2°*~/~ mice did not
have a reduced bone mass phenotype (Supplemental Fig. 3B—C). Female Mfap2°*-/~
cortical bone mineral density, cortical bone thickness, and bone marrow adiposity were also
comparable to control mice (Supplemental Fig. 3D-F).

Bone strength is unaffected by bone-targeted deletion of MAGP1

Mice with germline MAGP1 deficiency in both inbred and outbred strains develop
spontaneous bone fractures [5,11]. Mechanical testing was performed using femurs from
Miap2PI= ) Mfap2~'~ and control mice to evaluate whether loss of bone-specific expression
of MAGP1 (and corresponding reduction in bone mass) is sufficient to render the bones
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more susceptible to failure, or whether the underlying metabolic dysfunction in germline
MAGP1 knockout mice causes the observed bone fragility. Fig. 5 shows a comparison of the
mechanical properties of Mfap2”*~/~ femurs to germline Mfap2~/~ and WT femurs. The
yield load, maximum load, work to fracture and stiffness was unchanged in Mfap2°™*--
femurs, suggesting bone fragility in Mfap27/~ bones is a secondary complication rather than
the direct consequence of local MAGP1 depletion. Supplemental Fig. 4 compares the
femoral mechanical properties of the same inbred Mfap2”*~'~ mice to a second Mfap2'~
germline knockout line (BlackSwiss, outbred); showing again that germline but not local
MAGP1 loss is required for the development of bone fragility.

Altered immunity in Mfap2™~ mice is not maintained in Mfap2P™~/~ mice

Hematopoiesis in Mfap2°™~'~ and Mfap2'~ animals was assessed at the age of 3-months.
This time point was originally chosen because reduced bone mass is appreciable, but the
Miap2~~ mice are neither obese nor pre-diabetic. In MAGP1 germline knockout mice,
neutrophil and monocyte levels in blood are significantly reduced (50% and 45%
respectively, Fig. 6 and Table 3). In contrast, Mfap2°*~male and female mice have a
normal distribution of myeloid and lymphoid cells in whole blood (Fig. 6 and Table 3). The
frequency of hematopoietic precursor cells in Mfap2°*~~ bone marrow samples was also
unchanged relative to controls (Table 4).

MAGP1 protein accumulates in Mfap2P™~/~ mice

Given the observed depletion of Mfap2transcript in bone marrow (Fig. 1E), the lack of a
hematopoietic phenotype in the femur was unexpected. In response, marrow-depleted bone,
whole bone marrow and lung (positive control) samples were evaluated for MAGP1 protein
content (Fig. 7). Tissues were collected from Jackson Laboratories C57BL/6 J (positive
control), Mfap2~/~ mice (negative control), Cre-negative- Mfap2/o/Iox mice (positive control)
and Mfap2°™= mice (male and female). As expected, MAGP1 protein was present in all
C57BL/6 J and Cre-negative tissues, and absent in all Mfap2~/~ tissues. Prx1-Cre efficiency
was confirmed by the absence of detectable MAGP1 protein expression in marrow-depleted
femurs. Unexpectedly, MAGP1 protein was detectable, at near WT levels, in Mfap2°™>/-
whole bone marrow samples; introducing the possibility that MAGP1 protein from a
secondary source may accumulate in the bone marrow matrix of Mfap27*~I~ mice, but is
not incorporated into the ossified bone matrix. Restoration of MAGPL1 protein in the bone
marrow may explain why M7fap2*~/~ mice do not develop a hematopoietic phenotype.

Discussion

Mice with germline MAGP1 deficiency have been previously reported to be obese with
fragile bones [5,10,11]. In this study, mice with conditional MAGP1 deficiency in the limb
were evaluated to determine the role of MAGP1 in the bone microenvironment specifically.
Despite Prx1 expression in iWAT, and subsequent MfapZ2transcript deletion, these mice did
not have an increase in iWAT mass nor develop the documented metabolic dysfunction that
is present in the germ line Mfap2~/~ mouse; allowing distinction of the role of diabetic
pathophysiology from local MAGP1 expression on skeletal health. Both Mfap2~ and
Mifap2P-I~ mice have a significant decrease in cancellous bone volume indicating that the
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local bioavailability of MAGPL1 in the bone matrix is a key player in the bone remodeling
process. Tibia bone length is increased in both Mfap2'~ and Mfap2°™~'~ mice. Cortical
bone mineral density is unaffected by either global or local MAGP1 depletion in c57BL/6
mice. However, yield load, max load and work to fracture are reduced in Mfap2~/~ mice but
are normal in Mfap2°™~= mice. We postulate that the development of metabolic disease
(hyperglycemia, insulin resistance, obesity) that occurs in Mfap2~'~ mice, but not
Miap2°*I= mice, plays a key role in the development of bone fragility in the global
knockout mice. Diabetes is considered a risk factor for bone fractures. It is well established
that diabetes-associated bone fragility cannot be predicted by bone mineral density alone.
Reduced bone turnover, glycation of the bone matrix, and architectural changes have been
implicated in altering the mechanical properties of bone in diabetic patients [12].
Comparison of c57BL/6 germline knockout [11] and Prx1-conditional knockout mice
revealed an important distinction between the diabetic Mf2p27~ and non-diabetic
Mfap2P™=I= mice which may explain the Mfap2/~-associated bone fragility phenotype.
Specifically, despite loss of MAGP1 protein in the cortical bone of both Mfzp27~ and
Miap2P*I= mice, cortical bone thinning occurs only in the diabetic Mfap2~/~ mice [11].

Interestingly, a sexual dimorphism in the cancellous bone mass phenotype was observed
Mifap2PX-I= mice. Mfap2°™= male mice displayed significantly reduced cancellous bone
while bone mass in female M7zp2”™* '~ mice was comparable to Cre-negative controls. By
contrast, both male and female AMf202°*~/~ mice had a slight, but significant, increase in
long bone length. Quantitative PCR and Western blot confirmed that both MAGP1 transcript
and protein were targeted by the Prx1-Cre. These findings do not match with the bone
phenotype of female Mfap2~/~ mice, which were previously reported to have cancellous
bone loss [7]. The reason for this discrepancy is unknown, however, it is worth noting that in
the previous report the female germline knockout mice were on an outbred Black Swiss
background while the Mfzp2”*~/~ female mice are inbred C57BL/6..

An unexpected and confounding finding of this study was the accumulation of MAGP1
protein in the isolated bone marrow of Mfap2°*~'~ mice. Initial characterization of the
Miap2°™~= animals demonstrated that mRNA expression of MAGP1 was efficiently
targeted in both osseous marrow-depleted bone and isolated bone marrow. Western blot of
whole bone lysates using a MAGP1-specific antibody provided further confirmation of our
conditional deletion of MAGP1. However, the absence of the two marrow-relevant
phenotypes — monocytopenia/neutropenia and bone marrow adipocyte expansion — was
unexpected. The lack of a marrow fat phenotype could be explained by the absence of an
obese-diabetic state, lack of an immune cell phenotype, which is apparent prior to the
obesity/diabetes phenotype in the germline knockout, warranted further investigation. In
response, protein lysate preparations of isolated whole bone marrow were compared to the
marrow-depleted femurs by Western blot. Indeed, near WT levels of MAGPL1 protein were
detectable in Mfap2’™~'~ isolated bone marrow, but completely absent in marrow-depleted
bone samples. The significant accumulation of MAGP1 protein, despite the lack of MRNA
transcript, introduces the possibility that MAGP1 protein from a secondary source can
accumulate in the bone marrow matrix of Mfzp2°*~'~ mice. Localization of MAGP1 protein
in the bone marrow milieu was attempted by immunohistochemistry, however, despite
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optimization efforts the non-specific staining of theMAGP1antibody could not be
eliminated.

Incorporation of MAGP1 from a distant site into the bone marrow may be feasible given the
bone marrow's dense vascular network. While future work is needed to explore the source of
marrow-localized MAGP1 in Mfap2°™~'~ mice, support for transportation of MAGP1 in
circulation exists. Werneck et al. [9] showed that full length recombinant MAGP1 can be
injected into the tail vein of mice, and that this circulating recombinant MAGP1 has
biological function. Specifically, tail vein administration of full length MAGP1 reduced
thrombotic occlusion time in the carotid artery following vascular injury, and importantly the
recombinant MAGP1 was found localized to the internal elastic lamina at the site of injury.
Werneck et al. [9] also showed that recombinant MAGP1 is capable of physical interaction
with plasma proteins, including fibrinogen and von Willebrand factor.

The molecular weight of MAGP1 protein isolated from Mfap2°™~/~ whole bone marrow
samples is consistent with full length MAGP1, and is the same size as MAGP1 protein
isolated from osseous bone matrix. This suggests that MAGP1 protein accumulating in
Mifap2P™-I= bone marrow contains MAGP1's matrix binding domain, and is therefore likely
to incorporate into the loose network of ECM structures within the bone marrow. MAGP1 is
a constitutive component of fibrillin-1-rich microfibrils [16]. Global deficiencies in either
MAGP1 or fibrillin-1 results in increased long bone length, and reduced bone mass that is
downstream of enhanced osteoclastogenesis [2,17,18]. It was recently shown that fibrillin-1
microfibrils have an important role in bone marrow ECM. Specifically, immunofluorescence
was used to localize fibrillin-1 to stem cell niches, and Prx1-Cremediated loss of fibrillin-1
(Fbn1P™-1~) modified skeletal stem cell fate, erythroid expansion, and HSC maintenance
[19,20]. The presence ofMAGP1’smajor binding partner - fibrillin-1 - within the bone
marrow provides an ideal docking station for MAGP1 protein in Mfap2°™~~ mice.

In summary, the Mfap2°*~/~ model of local MAGP1 deficiency was used to demonstrate
that MAGP1 incorporation into bone matrix contributes to bone mass but does not directly
contribute to the mechanical properties of the bone. Instead, the obese and prediabetic state
of Mfap2~~ mice likely results in a reduction in bone quality, independent of bone mass or
MAGP1 expression. Future work is needed to test whether rescue of the diabetic phenotype
in Mfap2~!~ mice is sufficient to prevent bone fragility.

Experimental procedures

Animals and diets

Male and female mice were maintained on a C57BL/6J background, housed in a pathogen-
free animal facility and fed standard chow ad /ibitum. All animals were treated in
accordance with animal protocols approved by the Animal Studies Committee at
Washington University.

Generation of Mfap2™~ mice

MAGP1-deficient mice were generated using C57BL/6 N-derived ES cells
[ Mfap2m1a(KOMP)WIsi] pyrchased from KOMP Repository (#EPD0224_1_HO08). ES cells
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were injected into blastocyst from C57BL/6J donors and transferred into pseudopregnant
C57BL/6J females. Offspring were maintained on the Jackson Laboratories C57BL/6J
strain.

Generation of Mfap2P™ "/~ mice

The germline Mfap27'~ line (“gK0™) was crossed with a C57BL/6N background mouse line
heterozygous for the flippase (Flp) recombinase transgene for one generation (UC Davis
Mutant Mouse Regional Resource Center, #036512-UCD). The Flp recombinase cuts the
cMAGP1 allele at the flippase recognition target (FRT) sites that flank the neomycin
cassette, thereby restoring expression to the Mfap2 gene (Fig. 1A). The Flp transgene was
then bred out of the colony. Females from the Flp-negative cMAGP1 line (“Flp'd”) were
then crossed with male Prx1-Cre mice with a C57BL/6J background (The Jackson
Laboratory, #005584). In mice possessing the Prx1-Cre allele, Cre recombinase is expressed
in cells that express PrxI in the embryonic mesoderm. The Cre recombinase targets the 5’
and 3" loxP sites that flank the Mfap2allele (Fig. 1A). Therefore, in cells that express Prx1
during development, the Mfap2allele is removed (“Cre'd”). Generation of Mfap2°*~/~ mice
was confirmed by isolation of genomic DNA (gDNA) from the tibias of mice WT, gKO,
Flp'd, and Cre'd lines. PCR amplification of the gDNA was conducted using wt-MAGP1
primers, mut-MAGP1 primers, and Cre primers. WT-MAGP1 forward primer sequence is
5'-ATGGGCCAGGGGTAGACAGGATTG-3’, reverse is 5'-
TAGGCACCCCGCATAGGAAGGACT-3". Mut-MAGP1 forward primer sequence is 5’-
CTCACCTCCTCCAGCTCTTACTCC-3’, reverse is 5'-
AATCCCGTCCCCCTTCCTATGT-3". Cre forward primer sequence is 5’-
GCGGTCTGGCAGTAAAAACTATC-3’, reverse is 5'-
GTGAAACAGCATTGCTGTCACTT-3".

Body composition

Longitudinal whole body composition was determined using the EchoMRI 3-in-1 model
instrument (Echo Medical Systems) at ages 3-months, 6-months and 10-months. At each
age, mice were scanned twice in the EchoMRI to quantify body fat, free water, and lean
(muscle) content. The results from each scan were averaged.

Insulin and glucose tolerance testing

For both insulin tolerance tests (ITTs) and glucose tolerance tests (GTTs), mice were housed
individually on aspen bedding and fasted for 6 h. At the beginning of the fast, each mouse
was weighed and a small piece of its tail was cut. After the six hour fast, the tail blood
baseline glucose of each mouse was measured using Contour strips and meters (Bayer). For
ITTs, each mouse then received an intraperitoneal injection of 0.75 U/kg Humulin-R insulin
(Lilly). For GTTs, each mouse received an intraperitoneal injection of 1.0 mg/g of dextrose.
For both ITTs and GTTs, the tail blood glucose of each mouse was measured at 30, 60, 90,
and 120 min after the injection. Longitudinal ITTs and GTTs experiments were conducted at
ages 3-months, 6-months and 10-months.
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Tissue collection

The tissues of the Mfap2°™~!~ mice were harvested at 10-months. Mouse fur was sprayed
with 70% EtOH, then inguinal white adipose tissue (iWAT), gonadal white adipose tissue
(QWAT), brown adipose tissue (BAT), liver, spleen, and tibias were collected. The soft
tissues were rinsed in phosphate-buffered saline (PBS), blotted dry, and weighed. Tissues
were fixed in 10% neutral buffered formalin for 24-h then stored in PBS or snap frozen in
liquid nitrogen. To collect the marrow depleted femur and whole bone marrow samples the
proximal portion of the femur was removed then placed in a collection tube in which the
femur remained elevated over a second tube. With gentle centrifugation (1600¢g for 1 min)
the marrow passed through a small hole in tube one and collected in tube two below. The
remaining portion of the femur and the marrow pellet were then snap frozen. Tibia length
was determined using a digital caliper (Mitutoyo).

Micro-computed tomography and osmium staining

Longitudinal micro-computed tomography (CT) experiments were conducted at ages 3-
months, 6-months and 10-months. /n7 vivo micro-computed tomography of the tibias was
conducted at 3- and 6-months. Each mouse was anesthetized using 2% isoflurane and taped
down to scan the right tibia using a Scanco VivaCT40 (Scanco Medical AG) at 20 um voxel
resolution. After the scan was complete, the mouse was removed from the machine and
allowed to wake under a warming light. Post mortem micro-computed tomography (UCT)
was completed on tibias from the same mice at 10-month-old. Bones were fixed in 10%
neutral buffered formalin and then embedded in 2% agarose gel. Post mortemtibias were
also scanned at 20 um voxel resolution, using a Scanco UCT 40 (Scanco Medical AG)
calibrated using a hydroxyapatite phantom. Measurements of both cancellous and cortical
bones were made based on reported guidelines [21]. For cancellous bone, 50 slices (1 mm)
below the growth plate were contoured to exclude the cortical bone, allowing cancellous
bone volume/tissue volume (BV/TV) and bone mineral density (BMD) to be determined.
For cortical bone, 20 slices (400 pm) located 2 mm proximal to the tibia—fibula junction
were analyzed to determine cortical tissue mineral density (TMD) and cortical bone
thickness. A threshold of 260 for cortical bone (on a 0-1000 scale) was maintained. For
cancellous bone, a threshold of 175 was used for uCT and 180 for vivaCT. Tibias from 10-
month-old mice were then decalcified in 14% EDTA for 3-weeks. Demineralized bones
were incubated in a solution containing 1% osmium and 2.5% potassium dichromate for 48-
h at room temperature. After thorough washing (water) and overnight storage in PBS, tibias
were embedded in 1% agarose gel. Osmium stained bones were then scanned as above,
using a Scanco PCT 40, but at 10 pm voxel resolution. Analysis was performed in the same
region of interest as the cancellous bone (100 slices to achieve 1 mm total, distal to the
growth plate), using a threshold of 350 (on a 0-1000 scale). Osmium volume (QV) is
quantification of the total OV within the region of interest. OV/TV is division of the OV by
the volume of the marrow cavity within the same region, as calculated from the cancellous
bone analysis.
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Tissues were fixed in 10% buffered formalin, dehydrated by an ethanol gradient, and stored
in 70% ethanol at 4 °C before paraffin embedding. Five-micron tissue sections were stained
with hematoxylin and eosin. Images were taken using an Olympus Nanozoomer 2.0-HT
System with NDP. scan 2.5 image software.

Bone mechanical testing

Upon dissection at 10-months of age, femurs were wrapped in PBS-soaked gauze and stored
at —20 °C. For testing, femurs were thawed in PBS for 1 h prior to use, and testing was
carried out at room temperature using a servohydraulic testing machine (8841 Dynamite,
Instron). Femurs were positioned on two supports 7 mm apart, and the central loading point
was mid-diaphysis. Displacement was applied transverse to the long axis of the bone at a
rate of 0.01 mm/s until failure. Force-displacement data were recorded at 60 Hz and
analyzed to determine measures of stiffness and whole bone strength.

Flow cytometry

Blood samples were collected from the superficial temporal vein, by puncture with a 20G
needle and collected directly into 10 pL of 100 mM EDTA solution to prevent coagulation.
Bone marrow was isolated by flushing bones with 20G needle and single cell suspensions
prepared by disruption by pipeting. Red blood cells were lysed (Pharmlyse, BD Biosciences)
following manufacturer's instructions and samples were counted (Cellometer x4, Nexcelom
Biosciences) and processed for staining. Samples were FcR-blocked (2.4G2, Biolegend)
then stained on ice with specific antibodies; CD11b APC-Cy7 conjugated (M1/70, BD
biosciences), CD115 APC conjugated (AFS98, eBioscience), Ly6C PerCP-Cy5.5 conjugated
(HK1.4, Biolegend), Ly6G FITC conjugated (1A8, BD Biosciences), and CD43 PE
conjugated (1B11, Biolegend), CD117 Fitc conjugated (c-Kit) (2B8, BD Biosciences),
CD135 (FIt3) PE conjugated (A2F10, Biolegend), Scal PerCP Cy5.5 conjugated (D7,
eBioscience), CD45 Pacific Blue conjugated (30-FI1, Biolegend), SiglecF PE conjugated
(E50-2440, BD Biosciences), TCRp Fitc conjugated (H57-597, eBioscience), CD19 PEcy7
conjugated (6D5, Biolegend), CD4 PE conjugated (GK1.5, eBioscience), CD8 PerCPCy5.5
conjugated (53-6.7, Biolegend). Samples were run on a BD LSRFortessa instrument and
analysis performed using FlowJo V10 (Treestar). Cell populations were identified using the
following gating strategy. For blood CD45+ cells, monocyte (Ly6G-, CD115+, CD11b+;
then separated into Ly6C+ and Ly6C- populations), neutrophil (CD11b+, Ly6G+), T cell
(TCRp+; then separated into CD4+ and CD8+ populations), B cell (CD19+), eosinophil
(Siglec F+ CD11b+). For bone marrow: MDP (Ly6G-, CD11b- CD135+ CD117+ Scal-
CD115+), CDP (Ly6G- CD11b- CD135+ CD117- CD115+), MP (Ly6G- CD11b- FIt3+
CD117+ Scal- CD115-), PreDC (Ly6G—- CD11b- FIt3+ CD11c+), Neutrophil (Ly6G+
CD11b+), Monocyte (Ly6G— CD115+ CD11b+, then separated into Ly6C+ and Ly6C-
populations). Flow cytometry experiments for Mfap2*~/~ mice and Mfap2~ mice were
conducted at different times.
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Western blot

Tissue samples were pulverized in liquid nitrogen, then extracted with 1x Laemmli SDS
sample buffer containing 10 mM DTT at a ratio of 40 uL per mg for bones and 80 pL/mg for
lung and bone marrow. The samples were heated at 100 °C for 5 min, stored for 2 h room
temperature, reheated for 2 min at 100 °C, then spun for 2 min in a micro-centrifuge before
loading into 10% SDS-PAGE gels. The gels were loaded with 30 uL per lane for bones, 15
UL per lane for bone marrow and 5 uL per lane for lung. Following separation, proteins were
transferred to nitrocellulose membranes and stained with Ponceau to confirm protein loading
and transfer. The membranes were washed of stain and blocked for 1 h in HEPES buffered
saline containing 0.02% Tween-20 with 1% nonfat dried milk, 1% BSA, and 1% Teleostean
gelatin (Millipore Sigma) pH 7.4 then incubated overnight in blocking solution with 1:2000
diluted MAGP1 primary antibody. Bound MAGP-1 antibody was detected with HRP-
conjugated secondary antibodies (GE Healthcare) then visualized with chemiluminescent
HRP substrate (Millipore).

MAGP1 antibody

A polyclonal antibody was generated by immunizing rabbits with front half of MAGP-1
protein expressed and purified as aGST-fusion protein. Affinity pure anti-MAGP-1 IgG was
then isolated from the anti-sera using the front half of MAGP-1 expressed and purified as a
6HIS-tagged fusion protein [5,15].

RNA extraction and quantitative RT-PCR

Frozen tissue samples were pulverized using a TissueLyser or Braun Mikrodismembrator
then RNA extracted in Trizol (Invitrogen) with chloroform and further purified by alcohol
precipitation (Fig. 1C) or using Qiagen RNeasy columns (Fig. 1E-F). RNA was reverse
transcribed using Life Technologies RNA-to-cDNA reverse transcription Kits. Quantitative
PCR was performed using Tagman primer-probe sets and Tagman universal master mix
(Applied Biosystem). Transcript levels (relative units, RU), normalized to either Rplpo
(36B4) or cyclophilin (PPIA), were determined by the equation, 1/22CT,

Statistical analysis

Statistical comparisons were performed using Graphpad Prism® (GraphPad Software, Inc.).
Student's #test was used for single comparisons, one-way ANOVA formultiple comparisons,
or two-way ANOVA for repeated-measures. Results with a p value < 0.05 were considered
statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

/I//?’apZ’OX//OX construct design, genotyping and MAGP1 expression. 1A) Breeding strategy
and schematic of flox'd Mfgp2 construct, showing Frt (green) flanking the neo cassette, and
loxP sites (red) flanking exon 2 of Mfap2. The schematic also shows the construct following
flipase (FIp)-mediated removal of the neo cassette (restoring MAGP1 expression), then the
construct following Cre-mediated excision of exon 2 for conditional deletion of MfapZ.
Genotyping required the use of three primer sets. “WT” primers are in the introns of the
Mfap2 gene flanking exon 2 (outside the construct). “Mut” primers utilized a sequence
found only in the Mfap2/0X/1oX cassette. “Cre’ primers are necessary for detection of the
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Prx1-Cre transgene. The location of the ‘WT’ and ‘Mut’ primers used for genotyping are
indicated by black and blue arrows respectively. 1B) Genotyping strategy demonstrated on
whole tibia samples. 1C) Prx1-Cre efficiency in male and female bones. RT-qPCR on RNA
from whole femurs, using TagMan primer-probes demonstrates efficient deletion of Mfap2
transcript by one copy of the Prx1-Cre transgene (N = 6). 1D). Western immunoblot of
whole bone protein lysates to show loss ofMAGP1 protein in the presence of the Prx1-Cre.
Whole blot is shown for visualization of MAGP1 monomers (~35 kDa, boxed), non-specific
bands (NS, ~55 kDa & 80 kDa), and aggregated MAGP1 (Ag. MAGP1, >220 kDa). Protein
marker (kDa) is also shown. Ponceau stain was used prior to antibody incubation to confirm
equal protein loading. 1E) MAGP1 transcript expression was measured using TagMan
primer-probe sets and TagMan universal master mix as in 1C, across several tissue types
demonstrating the specificity of the Prx1-Cre (N = 4). 1F) MAGP2 (Mfap5) expression in
whole tibia was similarly assessed using TagMan primer-probe sets (N = 4). Control (WT)
mice are Mfap2/o/1oX ittermates. iIWAT is inguinal white adipose tissue. gWAT is gonadal
white adipose tissue. Student's #test was used to make single comparison between control
and Cre-positive samples, * = p < 0.05. Data shown as mean +/= SEM. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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Prx1-mediated deletion of MAGP1 has no consequence on whole body adiposity. 2A) Serial
EchoMRI was performed to determine whole body composition on control and Cre + mice
at 3-, 6-, and 10-months of age (N = 14 for WT and 10 for Cre+). 2B) Wet tissue weights
were determined at time of dissection (10-months old, N = 14,10). Control (WT) mice are
Miap2/oX/Iox |ittermates. Student's t-test was used for single comparisons between control
and Cre-positive samples, * = p < 0.05, all mice were male. Data shown as mean +/— SEM.
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Prx1-mediated deletion of MAGP1 has no consequence on insulin sensitivity or glucose
disposal. Serial fasted glucose, insulin tolerance (ITT) and glucose tolerance (GTT) tests
were performed at 3- (A), 6- (B), and 10- (C) months of age. All tests were performed
following a 6-hour daytime fast. For ITT, mice received a 0.75 U/kg insulin bolus i.p. For
GTT, mice received a 1 mg/g dextrose bolus i.p. Blood glucose was determined using Bayer
meters and tail blood. N = 14,10. Student's #test was used for comparison of fasted glucose
measure. Control (WT) mice are Mfap2/¥//oX |ittermates. Two-way ANOVA was used to
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determine whether genotype effected insulin sensitivity or glucose clearance over time. No
statistical differences were found. All mice were male. Data shown as mean +/— SEM.
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Fig. 4.

Pril-mediated deletion of MAGP1 results in long bone overgrowth and reduced bone mass.
4A) Digital caliper was used to determine tibia length (N = 14,10). 4B-E) Bone volume and
mineral density of tibias were determined by computed tomography. VivaCT was used at 3-
and 6- months was conducted on live mice (cancellous bone only). MicroCT was used to
scan dissected 10-month-old tibias (cancellous and cortical bone). Energy and resolution
settings were equivalent between machines. Student #tests were used for comparison of
control and Cre + animals at each age, statistical significance (p < 0.05) is indicated by *.
Two-way ANOVA was used to determine whether genotype effected cancellous bone
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volume/total volume (BV/TV) and bone mineral density (BMD) over time. Statistical
significance was achieved (N = 14,10). 4F) Bone marrow adiposity was determined on
decalcified, osmium-stained tibias. Data shown is the volume of osmium (fat) relative to the
marrow cavity volume (determined from calcified bone scan). N = 14,10. 4G)
Representative images of H&E stained tibias from Cre- control (WT), Prx1-Cre +
(MfapZ™17) and MAGP1 germline knockout (Mfap2~) mice (N = 3,4,3). Control (WT)
mice are Mfap2/o¥/1oX |ittermates. All mice were male. Data shown as mean +/— SEM.
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&

Germline MAGP1 deficiency but not local deficiency (Prx1-mediated) causes reduced bone
mechanical properties. Hydrated femurs from 10-month-old mice were subjected to 3-point
bend testing. One-way ANOVA was used to compare parameters amongst genotype. *
indicates germline knockout mice (Mfap27'") were significantly different (p < 0.05) from
WT (Cre-) bones. N = 12,11,3. Control (WT) mice are Mfap2/o1oX |ittermates. All mice

were male. Data shown as mean +/— SEM.
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Germline MAGP1 deficiency but not local deficiency (Prx1-mediated) causes neutropenia
and monocytopenia. Flow cytometry was used to determine neutrophil and monocyte
frequency in blood. Students t-test was used to compare mutant mice to their own control
(WT) mice (* = p < 0.05, N for 4A & 4B = 11,11,13, 11; N for 4C & 4D = 6,4,13,11). All

mice were male. Data shown as mean +/— SEM.
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MAGP1 protein accumulates in MAGP1 transcript-deficient bone marrow samples. SDS-
PAGE immunoblots with MAGP1 targeted antibody show the presence, or absence, of
MAGP1 protein in tissue lysates from lung, marrow-depleted bone (femur) or whole bone
marrow. C57BL/6J mice (WT) and germline MAGP1 knockout (Mfap2™~, KO) mice served
as positive and negative controls for the MAGP1 antibody. Prx1-Cre-mediated deletion was
assessed in male and female mice (Mfap2°%~/=, M or Mfap2°*-I=, F). Cre-negative
(Mifap2lox/Iox) tissue served as a second positive control for MAGP1 protein detection.
Whole blot is shown for visualization of MAGP1 monomers (~35 kDa, boxed), non-specific
bands (NS, ~55 kDa & 80 kDa), and aggregated MAGP1 (Ag. MAGP1, >220 kDa). Protein
marker (kDa) is also shown.
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Table 2
HCT analysis of WT and M7zp27*~~ cortical bone.

Parameter 10 months
Genotype Mean p value

Cortical bone thickness (mm) WT 0.202 +£0.003  0.864
Cre + 0.201 + 0.004

Tissue mineral density (mg HA/ccm)  WT 1114 £ 2.77 0.713
Cre + 1117+ 4.82

Total area (mm”2) WT 1.35+0.022 0.188
Cre + 1.29 £ 0.039

Bone area (mm”2) WT 0.73+0.017 0.554
Cre + 0.71 +0.026

Medullary area (mm”2) WT 0.62 +0.010 0.003
Cre + 0.58 +0.017

Polar moment of inertia [mm~4] WT 0.22 £ 0.009 0.292
Cre + 0.20+0.013
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Table 4

Frequency of bone marrow cell types by flow cytometry.

Parameter Male Mfap2Pr—/-
Genotype Mean p value

Bone marrow cell count  WT 279+0.15E+07  0.346
Cre+ 2.96 + 0.08 E+07

CDP WT 0.05 + 0.008 0.075
Cre+ 0.03 +.005

MDP WT 0.03 +0.008 0.410
Cre+ 0.02 +0.003

MP WT 0.15+0.017 0.804
Cre+ 0.15 + 0.009

PreDC WT 0.18 + 0.026 0.785
Cre+ 0.17 £0.011

Neutrophil WT 23.02 + 1.514 0.508
Cre+ 25.68 + 3.530

Ly6C+ Mono WT 7.84 £0.503 0.709
Cre+ 7.60+0.372

Ly6C- Mono WT 0.45 +0.080 0.365
Cre+ 0.37 £0.034
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