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Background: The function of MAGP2 was studied by inactivating its gene (Mfap5~ ') in mice.
Results: Mfap5~'~ mice have a neutrophil deficiency and other phenotypes that are different from MAGP1- and fibrillin-

deficient animals.

Conclusion: MAGP?2 has functional roles in hematopoiesis and in vessel wall maintenance.
Significance: Characterization of MAGP2 function is crucial to the identification and treatment of microfibril-related disease.

Microfibril-associated glycoprotein (MAGP) 1 and 2 are evo-
lutionarily related but structurally divergent proteins that are
components of microfibrils of the extracellular matrix. Using
mice with a targeted inactivation of MfapS5, the gene for MAGP2
protein, we demonstrate that MAGPs have shared as well as
unique functions in vivo. Mfap5~'~ mice appear grossly normal,
are fertile, and have no reduction in life span. Cardiopulmonary
development is typical. The animals are normotensive and have
vascular compliance comparable with age-matched wild-type
mice, which is indicative of normal, functional elastic fibers.
Loss of MAGP2 alone does not significantly alter bone mass or
architecture, and loss of MAGP2 in tandem with loss of MAGP1
does not exacerbate MAGP1-dependent osteopenia. MAGP2-
deficient mice are neutropenic, which contrasts with mono-
cytopenia described in MAGP1-deficient animals. This suggests
that MAGP1 and MAGP2 have discrete functions in hematopoi-
esis. In the cardiovascular system, MAGP1;MAGP2 double
knockout mice (Mfap2~'~;Mfap5~'~) show age-dependent aor-
tic dilation. These findings indicate that MAGPs have shared
primary functions in maintaining large vessel integrity. In solid
phase binding assays, MAGP2 binds active TGF1, TGFf2, and
BMP2. Together, these data demonstrate that loss of MAGP2
expression iz vivo has pleiotropic effects potentially related to
the ability of MAGP2 to regulate growth factors or participate in
cell signaling.

The ECM? is a complex biopolymer that provides strength to
tissues and plays instructive roles in organogenesis and tissue
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homeostasis (1). An abundant component of the ECM is the
microfibril, which imparts limited elasticity to tissues, acts as a
template for elastin deposition, and is a regulator of signaling
events. Microfibrils are 10- to 12-nm fibers built upon a back-
bone of fibrillin and decorated with function-modifying acces-
sory proteins that include growth factor complexes, fibulins,
emilins, and MAGPs (2, 3). Mutations in the genes for microfi-
bril components have varied systemic effects that are not always
apparent with in vitro experimentation (3—5). The complexity
of microfibril structure necessitates in vivo manipulation of
proteins for an accurate understanding of microfibril function
and identification of microfibril-related disease.

MAGP1 (the protein product of the microfibrillar-associated
protein 2 (Mfap2) gene) and MAGP?2 (the protein product of
the MfapS5 gene and also known as MP-25) are a two-member
family of small microfibril-associated proteins ~31 kDa and 25
kDa in size, respectively (6, 7). Both proteins are found only in
vertebrates, and phylogenetic studies suggest that MAGP2
arose from MAGP1 through gene duplication early in verte-
brate evolution (8). The two MAGPs share a functional C-ter-
minal matrix-binding domain that is characterized by con-
served cysteine residues (9, 10). MAGP2 has a conserved
proprotein convertase cleavage site within this domain that
makes MAGP2 a substrate for multiple proprotein convertase
family members (11). Also unique to MAGP2 is an RGD integ-
rin-binding motif located at the N terminus.

Amino acid sequences in the N-terminal regions of MAGP1
and MAGP?2 are dissimilar, but both are enriched in acidic
amino acids. MAGP1 contains two consensus sequences for O-
but not N-glycosylation (12), whereas MAGP2 contains five
conserved, predicted O-linked glycosylation sequences. Func-
tional studies with MAGP1 show that the acidic N terminus
contains a growth factor interaction motif capable of binding
active TGF and bone morphogenic protein (BMP) (13).

double knockout; 2KO, MAGP2 knockout; 1KO, MAGP1 knockout; uCT,
microcomputed tomography; BLI, biolayer interferometry; Neo, neomycin
resistance cassette; gDNA, genomic DNA.
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MAGP1 is associated with all microfibrils except those
directly adjacent to the plasma membrane of aortic endothelial
cells and those at the junction of the zonule of the eye (14-16).
Although MAGP?2 has been localized to both elastin-associated
microfibrils and elastin-free microfibrils in a number of tissues,
the protein exhibits patterns of tissue localization and develop-
mental expression that are more restricted than those of
MAGP1 (7, 17). The association of MAGP1 and MAGP2 with
other microfibrillar proteins is covalent, requiring reducing
agents for their extraction (18).

Genetic deletion of extracellular MAGP1 in mice results in
an array of phenotypes, including a bleeding diathesis, obesity,
and osteopenia (13, 19, 20). MAGP1-deficient animals also
have a pronounced deficiency in circulating and tissue mono-
cytes. Here we report the generation and initial characteriza-
tion of mice with null alleles of the MAGP2 gene (MfapS5) and
both MAGP1 and MAGP2 (Mfap2 ' ;Mfap5 ') (DKO)
genes. We find that Mfap5 ™~ (2KO) phenotypes are non-over-
lapping with mice lacking MAGP1 (1KO). However, the
absence of both MAGPs causes changes in large vessel archi-
tecture. Biochemical studies show that MAGP2 protein binds
active TGFB1, TGFB2, and BMP2. Taken together, these data
show that MAGP2 has unique, MAGP1-independent functions
in hematopoiesis and that MAGPs have redundant functions in
large vessels.

EXPERIMENTAL PROCEDURES

Generation and Breeding of MAGP2-deficient and MAGPI-
MAGP2-deficient Mice—Homologous recombination was used
to insert a gene-targeting cassette containing the coding
sequence for neomycin resistance into the exon 9 region of the
Mfap5 gene in murine ES cells. G418-resistant ES cell colonies
were screened by Southern blot analysis, and ES cell clones,
positive for recombination, were injected into C57Bl/6 blasto-
cysts. Chimeric mice were bred for germ line transmission.
Genotype analysis was performed on genomic DNA isolated
from tail tissue using primers listed in supplemental Table 1.
Generation of mice deficient in both MAGP1 and MAGP2 was
achieved by breeding MAGP2 mutant mice with previously
generated animals deficient in MAGP1 (13). Mice used for
these studies were maintained on a mixed-strain background,
and wild-type controls were generated from the same parental
stock as MAGP-deficient animals. Animals were housed in a
pathogen-free facility, and the Washington University Animal
Studies Committee approved all procedures.

Genomic DNA Isolation and Sequencing—Genomic DNA
isolated from adult mouse tail tissue was used with primers
listed in supplemental Table 1 to confirm the location and ori-
entation of the targeting construct within the Mfap5 gene
locus. For all sequencing reactions, bands were extracted from
agarose gel, and PCR products were isolated using a QIAquick
gel extraction kit according to the protocol of the manufacturer
(Qiagen Inc., Valencia, CA). Amplicons were then ligated into
the pGEM-T vector using the rapid DNA ligation kit according
to the protocol of the manufacturer (Roche Diagnostics, Mann-
heim, Germany) and introduced into DH5« Escherichia coli
(Promega Corp., Madison, WI). The growth medium was inoc-
ulated with ampicillin-resistant, color-selected colonies, and
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plasmid products were isolated using QIAprep Spin Miniprep
kits according to the instructions of the manufacturer (Qiagen).
The Protein and Nucleic Acid Chemistry Laboratory (Wash-
ington University, Saint Louis, MO) performed DNA sequenc-
ing. All DNA alignments were performed using DNASTAR
Lasergene 9 software.

Total RNA Isolation and in Situ Hybridization—Total RNA
was isolated from adult mouse lung, kidney, and heart using
TRIzol reagent, and reverse transcription cDNA amplification
was performed using 1 ug of RNA and SuperScript III first-
strand synthesis system with oligo(dT) according to the speci-
fications of the manufacturer (Invitrogen). Complement DNA
was amplified using primers listed in supplemental Table 1.
Ethidium bromide gels for nonsense-mediated decay studies
were imaged with the ChemiDoc MP system and Image Lab
version 4.0 software using identical exposure and filter settings
(Bio-Rad). For sequencing, PCR band excision and sequencing
were performed according to methods detailed previously.
RNA probe generation and in situ hybridization for Mfaps,
Mfap2, and collagenlal (Collal) was performed as described
previously using mRNA isolated from adult mouse heart and
primers listed in supplemental Table 1 (21-23). RNA probes
were 806 bp in length for Mfap5, 802 bp for Mfap2, and 846 bp
for Collal.

Antibodies, Western Blotting, and Immunohistochemistry—
Rabbit polyclonal antibodies against mouse MAGP2 (24) and
MAGP1 (13) have been described previously. For Western blot
analysis of serially extracted mouse tissue lysates, adult mouse
lung was homogenized in 990 ul of PBS (pH7.4) and 10 ul of
protease inhibitor mixture (catalog no. P8340, Sigma Aldrich,
Saint Louis, MO) and extracted 24 h at 4 °C. The samples were
pelleted by centrifugation at 16,000 X g or 20 min at 4 °C. The
liquid portion of the sample was removed for Western blotting,
and the pellet was resuspended in 1 M NaCl and protease inhib-
itors and extracted for 24 h. The process was repeated using 8 M
urea, PBS, and 20 mm DTT (seen in Fig. 5C,D), and 8 M urea +
DTT. Western blotting was performed using standard proce-
dures. Samples were run on 7.5% or 12% SDS-PAGE gels and
transferred to nitrocellulose membranes. Ponceau S stain was
applied for 5 min and removed using 0.1 M NaOH. All blocking
steps were performed with blocking buffer containing 5%
casein, 0.1% coldwater fish skin gelatin, and 0.01% Tween 20 in
TBS. Primary antibodies were applied overnight at 4 °C at a
dilution of 1:10,000 for MAGP2 (in 5% BSA) or 1:1000 for
MAGP1 (in 5% BSA). Secondary antibodies were applied at
1:4000 in casein block and incubated for 1 h at room tempera-
ture. ECL reagents were used for detection of horseradish per-
oxidase, and chemiluminescence was read using the ChemiDoc
MP system and Image Lab version 4.0 software (GE Health-
care). Immunohistochemistry for paraffin sections was per-
formed using the ultrasensitive ABC peroxidase rabbit IgG
staining kit (Fisher Scientific, Pittsburgh, PA) according to the
instructions of the manufacturer, with the following modifica-
tions for MAGP2 detection. After peroxidase quenching, the
sections were washed in 0.1% BSA in TBS. Hyaluronidase diges-
tion solution (1 mg/ml hyaluronidase in 0.1 M sodium acetate
buffer (pH5.5) containing 0.85% NaCl) was applied, and the
sections were incubated in a humid chamber for 30 min at
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37 °C. The sections were washed in BSA/TBS three times for 5
min. A guanidine/DTT solution was applied to the sections for
15 min. The sections were washed with BSA/TBS three times
for 5 min before incubation with iodoacetamide solution for 15
min. The sections underwent a final BSA/TBS wash before
application of ultra-sensitive staining kit block solution. Pri-
mary anti-MAGP2 antibody was diluted 1:8000 in blocking
solution and applied to the sections overnight at 4 °C. Second-
ary antibody solution was made using 2.25 ul/ml of secondary
antibody. Horseradish peroxidase reactivity was visualized
using the metal enhanced DAB substrate kit (Fisher). Imaging
was performed on a Zeiss Axioskop using identical exposure
and filter settings. Image processing was performed using
Adobe Photoshop CS5 software.

Flow Cytometry—Monoclonal antibodies used for flow
cytometry were as follows: phycoerythrin-conjugated hamster
anti-mouse CD3e (BD Biosciences), FITC rat anti-mouse
CD335 (NKp46, eBioscience, San Diego, CA), FITC rat anti-
mouse Ly-6G (eBioscience), phycoerythrin rat anti-mouse
CD115 (eBioscience), allophycocyanin rat F4/80 (Abcam, Cam-
bridge, MA). Phycoerythrin hamster IgG1, FITC rat IgG2a,
FITC rat IgG2b, phycoerythrin rat IgG2a control, and allophy-
cocyanin rat IgG2b isotype controls were utilized according to
the suggestions of the manufacturer. Mice were killed by CO,
narcosis, and the chest and abdominal cavity were exposed to
reveal the heart, dorsal aorta, and spleen. Whole blood was
collected from the dorsal aorta in a heparinized syringe. Red
cells were lysed with NH,Cl buffer for 10 min at room temper-
ature and washed twice with FACs buffer (1 X PBS and 2% FBS).
After blocking with mouse Fc Block (BD Biosciences) for 20
min, 2 X 10° cells were incubated with antigen-specific or iso-
type control antibodies for 30 min at 4 °C. Cells were washed
twice with FACs buffer and fixed with 4% paraformaldehyde for
15 min, washed twice, and stored overnight. Spleens were
removed, and splenocytes were isolated after passage through a
70-um nylon mesh filter. Lysis, blocking, incubation, and fixa-
tion were identical to the white blood cell treatment above.
Cells were sorted on a FACSCalibur machine (BD Biosciences)
with Cell-Quest software (BD Biosciences). The percentage of
positive cells for each cell type was determined by gating on
isotype control, nonspecific labeling (percentage of positive
cells within gate < 5% for control), followed by subtraction of
background percentage from antibody-specific results. A min-
imum of 10” live cell events were recorded for each analysis.
Experiments were performed with at least five animals of each
genotype (1 = 5), and experiments were repeated at least two
times with mice 2 and 6 months of age.

Microcomputed Tomography (uwCT)—Microcomputed
tomography analysis of left tibias from 6-month-old mice was
performed as described previously (19), with the exception that
the tibias were not frozen. The tibias were embedded in 2%
agarose and scanned using a Scanco wCT 40 (Scanco Medical
AG, Zurich, Switzerland). For trabecular bone measurements,
the growth plate was excluded and 30 X 16-um sections were
contoured. For cortical bone, the sections were analyzed just
above the tibiofibular junction, and three sections per tibia were
analyzed. Contouring and analysis were performed by the
Washington University Musculoskeletal Research Facility
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using Scanco MicroCT software. Identical contouring and
analysis parameters were used for all tibias. The tibias from at
least five male mice of each genotype (n = 5) were used for
analysis.

Blood Pressure and Mechanical Properties of Ascending Aorta
and Left Carotid Artery—Six-month-old male mice were
weighed and then anesthetized using 1.5% isoflurane, keeping
the body temperature constant. A solid-state catheter was
inserted into the right common carotid artery, isoflurane was
reduced to 0.5%, and blood pressure measurements were
recorded (25, 26). The hearts were excised and weighed, and the
aortas and left carotid arteries were removed for mechanical
testing as reported previously (25). Atleast 12 male mice of each
genotype (n = 12) were used for analysis.

Recombinant MAGP2 and MAGPI Proteins and Biolayer
Interferometry (BLI)—The coding sequence for mouse MAGP2
protein, excluding the N-terminal signal sequence, was cloned
into pET23b as a tagless construct. This plasmid was trans-
formed into Rosetta 2(DE3) E. coli cells for protein expression.
MAGP2 proteins were purified from inclusion bodies, followed
by oxidative refolding as described previously (27). Recombi-
nant His,-tagged MAGP1, used for Western blotting, was
expressed and isolated as described previously for this protein
(13).

Native MAGP2 protein was expressed in mammalian cells
and purified as follows. Full-length mature-form MAGP2,
without the endogenous signal sequence, was cloned into the
pHL-Avitag3 vector (28) containing an optimized signal
sequence at the N terminus as well as a BirA biotin ligase rec-
ognition sequence and hexahistidine (His,) tag at the C termi-
nus. Protein was expressed by large-scale transient transfection
of FreeStyle 293F cells cultured in serum-free Freestyle 293
medium (Life Tech.). Culture supernatants were collected 72 h
post-transfection, and protein was purified to homogeneity
using nickel affinity chromatography. Purity was assessed by
SDS-PAGE. Site-specific biotinylation of the C-terminal tags
were carried out using E. coli BirA biotin ligase.

All surface plasmon resonance binding was performed on a
Reichert SR7000 surface plasmon resonance system. To bind
MAGP2 protein to the carboxymethyl dextran (CM-5) chip,
the chip was preactivated with a mixture of 200 mm 1-ethyl-3(3-
dimethylaminopropyl)carbodiimide hydrochloride and 50 mm
N-hydroxysuccinimide, and then 100 ul MAGP2 was diluted in
5 mM acetate buffer (pH 4.5) and injected with a flow rate of 10
wl/min at a concentration of 20 uMm. This resulted in ~1300
resonance units of MAGP2 protein coupled to the chip. Excess
reactive sites on the chip were then quenched with a 70-ul
injection of 0.5 M ethanolamine (pH 8). To measure MAGP2
binding to active TGFp1, carrier-free active human TGFB1
(R&D Systems, Minneapolis, MN) was diluted in surface plas-
mon resonance running buffer (10 mm HEPES, 150 mm NaCl,
0.05% Triton X-100 (pH 7.4)) and injected for 100 s at a flow
rate of 50 ul/min. The dissociation was monitored for 300 s.
The chip was recycled with 0.2 M glycine (pH 2.3) before sub-
sequent injections. The concentrations of TGFB1 injected were
100, 50, 50, 25, 25, and 12.5 nMm. Background subtraction and
calculation of the dissociation constant for individual curves
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FIGURE 1. Schematic of Mfap5 gene targeting. A, schematic of the Mfap5
gene with numbered bars representing exons (gray, non-coding; black, cod-
ing). A gene-targeting cassette containing the coding sequence for neomycin
resistance was introduced by homologous recombination into the murine
Mfap5 gene. Lettered arrows represent primer pairs used for PCR. B and C,
gDNA from one WT and two 2KO mice was subjected to PCR. Lettered lines
refer to primer pairs indicated in A. A PCR amplicon is produced from the WT
and not the 2KO template because of the presence of the targeting construct
(boxed region, C, g). Primers to the targeting construct and Mfap5 sequence
produce a PCR product from the 2KO and not the WT gDNA template (boxed
region, C, h). PCR primers to Neo produce a product only from 2KO gDNA
(boxed region, C, j).

was calculated using Scrubber2 software (Center for Biolmo-
lecular Interaction Analysis, University of Utah).

The Octet system for Biolayer interferometry (Pall Life Sci-
ences, Ann Arbor, MI) was also used to assess MAGP2 binding
to active TGFB1 as well as TGFB2 and BMP2. Streptavidin-
coated biosensors from ForteBio were used to capture biotin-
ylated MAGP2 onto the surface of the sensor. After reaching
base line, sensors were moved to the association step contain-
ing 1000, 500, 250, 125, 62.5, 31.3, 15.6, and 7.8 nM active mouse
TGFB1, TGFB2, or BMP2 for 300 s and then dissociated for
300 s. A buffer-only reference was subtracted from all curves.
The running buffer consisted of 10 mm HEPES (pH 7.4), 150
mM NaCl, 3.4 mm EDTA, 1% BSA, 0.01% azide, 0.05% Tween,
and 0.005% Triton X-100. Affinities were estimated from global
kinetic analysis.

Statistical Analysis—Statistical significance was determined
by Student’s ¢ test. Data are reported as a mean * S.D.

RESULTS

MAGP2 Gene Targeting—Homologous recombination was
used to disrupt the MAGP2 gene (Mfap5) by replacing exon 9
with a neomycin resistance cassette (Neo), causing a down-
stream frameshift. Our attempts to target exon 1 and the
upstream promoter sequence were unsuccessful. Exon 9
encodes the matrix-binding domain. If expressed, the mutant
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FIGURE 2. Exon 9 is spliced out of the targeted Mfap5 transcript. A natu-
rally occurring Mfap5 splice variant lacking exon 6 also occurs. A, illustration
of the Mfap5 mRNA transcript, with shaded rectangles representing exons.
PCR primer pairs directed against an exon and an exon/intron junction are
labeled, and the amplicon is depicted by shaded lines. B, RT-PCR was per-
formed using the mRNA template from two WT and two 2KO mice. No reverse
transcriptase (No RT) and no cDNA template (Neg) controls were included in
the PCRreactions. Shaded lines refer to primer pairs illustrated in A. PCR prod-
ucts using exon 2/3-10 primers (boxed region) were larger for the WT tem-
plate than for the 2KO template. C, schematic representation of Mfap5 mRNA
transcripts from WT and 2KO mice. Shown are schematics demonstrating a
full-length transcript as well as a naturally occurring splice variant lacking
exon 6 from WT mice. All Mfap5 mRNA transcripts amplified from 2KO mice
lack exon 9.

protein lacking this domain would be incapable of binding to
fibrillin and, hence, would be a functional null.

PCR primers flanking each exon from 2-10, as well as within
the Neo cassette itself, were used to walk along the targeted
Mfap5 gene and confirm localization of the Neo cassette to
exon 9. Genomic DNA (gDNA) isolated from WT and
Mfap5~'~ mice yielded identical amplicons using primers
flanking exons 2—8 of the Mfap5 gene (Fig. 1, A and B, and
supplemental Table 1). An exon 9 amplicon was generated from
WT but not 2KO genomic DNA, and a forward primer to the
Neo sequence and a reverse primer at exon 9 produced an
amplicon from 2KO and not WT gDNA (Fig. 1, A and C). These
PCR bands were gel-extracted and sequenced, confirming that
the Neo sequence was introduced at exon 9 of the Mfap5 gene
(supplemental Fig. S1).

To generate DKO animals, 2KO mice were bred with 1KO
mice generated in a previous study (13). Fig. 4B confirms the
genotype of the DKO animals. The exon 9 forward primer, Neo
primer, and reverse exon 9 primer described above were used
for Mfap5 genotyping reactions (Figs. 1 and 4.B).

The Mfap5-targeted Allele (2A9) Is Transcribed, but the
Mutant mRNA Is Degraded—RT-PCR amplification was used
to determine whether mRNA is transcribed from the mutated
Mfap5 gene in 2KO mice. PCR products representing the
Mfap5 exon 2—10 sequence were amplified from both WT and
2KO cDNA. However, the 2KO amplicon is 74 bp smaller than
the WT product (Fig. 2, A and B). DNA sequencing revealed
that the 2KO product is a transcript with exon 9 and the Neo
cassette spliced out (2A9) (supplemental Fig. S2 and Fig. 2C).
This sequence does not occur as a natural splice variant,
although we did identify a naturally occurring WT transcript
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FIGURE 3. Comparison of MAGP1 and MAGP2 sequences and predicted protein transcripts from WT and MAGP2-KO genes. The amino acid sequences
of MAGP1 and MAGP2 are listed, with shaded rectangles representing protein domains. Known functional regions are labeled. Amino acids are represented by
dots to denote their position in the protein sequence. Black, acidic; gray, basic; black, cysteine; black, glutamine. Threonine residues predicted to undergo
O-linked glycosylation are marked (*). Black, conserved from opossum to human; white, not conserved among species. A, MAGP2 protein translated from the
WT mRNA sequence. B, predicted MAGP2 protein translated from the 2KO mRNA sequence. Splicing out exon 9 creates a frameshift that introduces an arginine
followed by a premature stop (asterisk) codon after exon 8. C, illustration of mature MAGP1 protein. D, comparison of mature MAGP1 and MAGP2 protein
sequences. Amino acids conserved between proteins are shaded black. The MAGP homology/matrix binding domain is represented by a black line over the

protein sequences.

lacking exon 6 in one of four WT animals tested (supplemental
Fig. S3 and Fig. 2C).

Because of a frameshift at the atypical exon 8 =10 splice junc-
tion, there is a serine-to-arginine substitution and then a pre-
mature stop codon after domain 8 of the 2A9 transcript when
translated (Fig. 3, A and B). Premature termination codons that
occur upstream of an exon-exon junction frequently elicit non-
sense-mediated decay, a RNA surveillance mechanism that
degrades mutant transcripts (29). To determine whether non-
sense-mediated decay affects the stability of the 2A9 transcript,
RT-PCR was used to amplify 2A9 or WT mRNA isolated from
the heart, lung, and kidney. After 27 cycles of PCR, there were
only trace amounts of 2A9 PCR product compared with an
abundant WT message in all three tissues (Fig. 4). These results
indicate that little 2A9 mRNA escapes nonsense-mediated
decay in 2KO animals. Similar results were found for MAGP1-
MAGP2 double knockout animals (Fig. 4).

An antibody to MAGP2 was used to confirm loss of MAGP2
protein expression in 2KO and DKO animals. This antibody
reacts specifically with MAGP2 protein and does not recognize
MAGP1 (Fig. 5A4). Immunohistochemistry on mouse aorta sec-
tions shows MAGP2 labeling in the intimal layer as well as
throughout the adventitia (Fig. 5B). This expression pattern
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agrees with previous reports for MAGP2 expression in fetal calf
aortic tissue and supports the specificity of the MAGP2 anti-
body (7). MAGP2-reactive bands are present in Western blot
analyses using sequentially extracted lung tissue from WT
mice, whereas 2KO and DKO lung tissue lacks MAGP2 protein
(Fig. 5C). Also, WT and 2KO mouse lungs are positive for
MAGP1, whereas DKO mice lack this protein (Fig. 5D). Taken
together, these data demonstrate that the gene targeting strat-
egy was successful in preventing MAGP2 protein expression in
2KO and DKO animals and that DKO animals lack both
MAGP2 and MAGP1.

MAGP?2 Deficiency Results in Decreased Levels of Circulating
Neutrophils but Normal Monocyte Counts—2KO and DKO
mice are viable and fertile with no gross abnormalities in
appearance or behavior. This contrasts with 1IKO mice, which
have complex phenotypes, including hematopoietic defects,
obesity, and abnormal bone homeostasis (13, 19, 20). To inves-
tigate whether 2KO mice have defects in hematopoiesis, anti-
body labeling and flow cytometry were used to assess the com-
plement of hematopoietic cells in the peripheral blood
circulation or in spleen tissue. An average of 3330 * 672 white
cells/ml of blood were collected. There was no statistical differ-
ence in total white blood cells per mouse among genotypes.
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FIGURE 4. Absence of MAGP2A9 mRNA confirms functional knockout of
MAGP2. A, polyadenylated mRNA from the heart, lung, and kidney of two
DKO, 2KO, and WT animals each was reverse-transcribed and subjected to 27
rounds of PCR amplification with primers specific for the Mfap5 message.
Arrows indicate WT and 2A9 amplicons (2KO). Reactions with primers to B-ac-
tin were run in tandem as a loading control. B, PCR genotyping of genomic
DNA from animals used in the assay. WT, 2KO, and 1KO amplicons are indi-
cated by arrows. NoRT, no reverse transcriptase control; NT, no template for
reverse transcription control; H,0, no template for PCR control.

Using GR1 positivity as an antibody marker, our results show
that WT mice have neutrophil counts of 12.5% and 8.8% of total
peripheral blood and spleen cells, respectively. Similarly, 1KO
mice have neutrophil counts of 13.4% of total peripheral blood
(data not shown). In contrast, 2KO mice have significantly
decreased neutrophils (5.6% blood and 5.1% spleen) compared
with age-matched WT controls (Fig. 6). Likewise, DKO mice
also exhibit neutropenia, with 6.4% of total cells in peripheral
blood and 5.7% in the spleen. These findings indicate that loss
of MAGP2 causes a neutrophil deficiency in 2KO mice that is
not seen in 1KO animals and is not altered by loss of MAGP1 in
DKO animals.

We have shown that mice deficient in MAGP1 are monocy-
topenic with fewer circulating monocytes and fewer tissue
macrophages.® 2KO mice, in contrast, have CD115+ monocyte
numbers comparable with WT controls (4.5% versus 4.4%

3 R. P. Mecham, unpublished results.
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FIGURE 5. 2KO and DKO mice lack MAGP2 protein. A, Western blot analyses
showing that anti-MAGP2 and anti-MAGP1 antibodies are specific for their
respective recombinant murine proteins (rMAGP2 and rMAGP1). B, immuno-
histochemistry on WT and 2KO sections demonstrates MAGP2 reactivity at
the intima (arrow) and adventitia (arrowhead) of WT mouse aorta. No MAGP2
reactivity is seen in the 2KO aorta section. Scale bar = 100 um. C, Western
blotting of sequentially extracted (20 mm DTT fraction) mouse whole lung
lysates with anti-MAGP2 antibody demonstrating the absence of MAGP2 pro-
tein in 2KO and DKO animal tissue. Two animals of each genotype were used,
and an arrow indicates the MAGP2 protein band. Mammalian MAGP2 from
tissue lysate runs as a larger protein than bacterially expressed rMAGP2
because of posttranslational modifications. D, Western blotting of sequen-
tially extracted mouse whole lung lysates with anti-MAGP1 antibody demon-
strating the absence of MAGP1 protein in DKO animals only. Two animals of
each genotype were used, and arrows indicate MAGP1 protein bands. The
major rMAGP1 band runs as a larger protein because of the Hisg tag. Tissue
lysates were run with bacterially expressed rMAGP2 or Hiss-tagged rMAGP1
and shown on the same blot. However, the recombinant protein section of
the blot is shown at a shorter exposure interval, as indicated by a black line.
Bands above the indicated MAGP proteins represent nonspecific antibody
reactivity (NS). | = intima; M = media; A = adventitia.

blood and 0.7% versus 0.8% spleen, respectively) (Fig. 6). DKO
animals have reduced monocytes as a fraction of peripheral
blood (3.6% blood and 0.7% spleen), as would be expected for
1KO animals. F4/80 antibody reactivity was used as a marker
for macrophages in spleen tissue. 2KO and DKO mice had
macrophage numbers comparable with WT controls. These
data show that loss of MAGP2 does not impact monocyte num-
ber alone or in conjunction with loss of MAGP1. This demon-
strates that both 1KO and 2KO mice have unique alterations in
the myeloid cell lineage.

CD3 reactivity was used to assess lymphocytes in WT, 2KO,
and DKO mice. All three genotypes have equivalent lympho-
cyte numbers as a percentage of peripheral blood (Fig. 6). Sim-
ilar results were shown for 1KO animals.? Taken together, these
data show that loss of MAGP2 causes neutropenia iz vivo and
demonstrate that this hematopoietic defect is MAGP1-inde-
pendent. Further, loss of MAGP2 on a 1KO background does
not impact the monocytopenia phenotype observed in 1KO
animals. Thus, MAGP1 and MAGP2 have discrete functions in
hematopoiesis.

Loss of MAGP2 Alone Does Not Significantly Alter Bone Mass
or Architecture—Mice lacking MAGP1 are osteopenic by 6
months of age, with a high incidence of spontaneous fractures
(13, 20). Spontaneous fractures are not observed in 2KO or
DKO mice, and the skeleton appears grossly normal. uCT of
left tibias in 6-month-old 2KO mice shows trabecular and cor-
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FIGURE 6. 2KO mice are neutropenic. Flow cytometry was performed on
peripheral blood and spleen cells collected from WT, 2KO, and DKO mice. A,
GR1-positive neutrophil numbers were assessed, demonstrating that 2KO
and DKO mice are significantly neutropenic. B, DKO animals have significantly
fewer CD115-positive monocytes as a fraction of peripheral blood. C, histo-
gram showing CD3-positive lymphocytes as a fraction of whole blood. D,
histogram showing F4/80-positive macrophages as a fraction of total spleen
cells.*, p = 0.01; +, p = 0.02. All data are independent of mouse age.

tical bone to be comparable in all aspects with age-matched WT
controls (Fig. 7). Further, loss of MAGP2 on a 1KO background
(DKO) does not exacerbate changes in bone mass and architec-
ture associated with MAGP1 loss of function (Fig. 7). It is inter-
esting to note that DKO mice share the abnormal cortical bone
morphology of 1KO mice characterized by a smaller marrow
cavity, or medullary area, than WT or 2KO mice and, therefore,
have an increased bone volume fraction (Fig. 7B). These data
demonstrate that loss of MAGP2 by itself has a minimal effect
on bone character and suggest that, unlike MAGP1, MAGP2
has little or no role in normal bone homeostasis.

MAGP1 and MAGP2 Double-null (DKO) Mice Have a Larger
Aorta at Physiological Pressures—In vitro studies suggest
MAGP2 expression may be necessary for normal elastic fiber
assembly (30). This idea is supported by the expression pattern
of MAGP?2 in elastin-rich structures such as the aorta, aortic
root, atrialis of the mitral valve, bronchioles of the lung, large
vessels of the heart, lung, and kidney, as well as skin (Figs. 8 and
5B) (7). Previous work determined that 1KO mice are normo-
tensive with normal aortic and left carotid pressure outer diam-
eter curves at 14 weeks of age (13). The cardiopulmonary sys-
tem in 2KO, 1KO, and DKO mice appears grossly normal.
These mice are normotensive with systolic, diastolic, and mean
blood pressures comparable with age-matched WT animals
(Fig. 94). However, compliance studies show that the diameter
of the ascending aorta in 6-month-old DKO mice is signifi-
cantly increased compared with WT controls, 1KO, and 2KO
mice at physiologic pressures of 75-125 millimeters of mercury
(Fig. 9B). Pressure measurements of the outer diameter taken at
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FIGURE 7. Bone density and architecture are not significantly affected by
loss of MAGP2. u.CT assessment of left tibias from 6-month-old WT, 2KO, and
DKO mice. A, measurements of trabecular bone indicate no significant
changes in 2KO trabecular bone compared with the WT. B, measurements of
cortical bone indicate no changes in 2KO bone compared with the WT. A
smaller marrow cavity (medullary area), associated with loss of MAGP1, per-
sists in DKO mice, and this increases bone volume fraction in these animals.
n =5 (WT), 7 (2KO), and 5 (DKO) mice. HA, hydroxyapatite.*, p < 0.01; +,p <
0.05.

4 months of age indicate that the ascending aorta outer diame-
ter is not significantly different from the WT at this time point
(data not shown). These data show that, in DKO animals, the
loss of MAGP1 and MAGP2 have a combinatorial effect in
increasing the aorta outer diameter at physiologic pressures
and that this change in tissue architecture becomes apparent
with increasing age.

To determine whether changes in the outer diameter of aor-
tic vessels could be explained by changes in heart size, heart
weight to body weight ratios were calculated and found to be
comparable among all genotypes (Fig. 9, C and D). Taken
together, these data demonstrate that loss of both MAGP1 and
MAGP2 expression increases aortic vessel diameter in vivo.
These changes are age-dependent and not secondary to
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'sense control :
FIGURE 8. Mfap5 mRNA is expressed by cells of the aorta, mitral valve,
coronary vessels, kidney, lung, and pinnae. /n situ hybridization to detect
Mfap5 (A and D-I), Mfap2 (B), and Col1al (C), expression was performed on
14-pm sections from 4-month-old wild-type mice. A and A’, arrows demon-
strate digoxigenin-labeled mRNA (blue) localized to the intima (arrow) and
adventitia (arrowhead) of the aorta. A" is a magnification of the boxed region
in A. B, Mfap2 mRNA is expressed throughout the aorta (arrow). C, Collal
mRNA is heavily expressed in the aortic adventitia (arrow). D and D', Mfap5 is
expressed in the atrialis of the mitral valve (MV, arrow). E, Mfap5 mRNA
is found in the coronary vessel (CV, arrow). F, significant Mfap5 expression is
localized to the aortic root (AR, arrow). G and G, large airways and arterioles
(G, arrow) are positive for Mfap5 expression. H, large vessels of the kidney
express Mfap5 (arrow). J, J', and K, no nonspecific reactivity is detected in
Mfap5 sense control sections. Scale bar = 300 wm. Micrographs were taken
using identical camera settings and image processing.

changes in body size, composition, or heart size. This suggests
that MAGP1 and MAGP2 have shared primary functions in
maintaining large vessel integrity.

MAGP2 Protein Binds Active TGF[ and BMP Growth Factors—
MAGP1 has an acidic TGFB-binding domain located in the N
terminus of the protein, and loss of MAGP1 increases TGFf3
signaling in multiple tissues (13, 19, 31). Although the amino-
terminal sequences are different in MAGP1 and MAGP2, both
regions are highly acidic (Fig. 3, A, C, and D), suggesting that
MAGP2 may have the ability to bind TGFp family ligands (8).
Surface plasmon resonance and BLI were performed with
immobilized MAGP2 and active TGFB1, TGFB2, or BMP2 in
solution. TGFB1, TGEFB2, and BMP2 bound reversibly to
MAGP2 (Fig. 10, A-C). Steady-state analysis of BMP2 binding
to bacterially expressed and refolded or native mammalian cell-
secreted MAGP2 showed similar kinetics. The equilibrium dis-
sociation constant (K,) for BMP2 binding of refolded, bacteri-
ally expressed MAGP2 is 210 nM, whereas the K, for binding to
mammalian MAGP2 is 190 nM. These data demonstrate that
MAGP2 binds active TGF 3 superfamily members and suggests
that these interactions may have biological relevance.

DISCUSSION

MAGP2 is a protein component of fibrillin-containing
microfibrils where it partners with MAGP1 and other microfi-
bril-associated proteins to define microfibril function (18).
Mutations in fibrillin lead to Marfan syndrome, characterized
by long bone overgrowth and abnormalities in the cardiovascu-
lar and pulmonary systems (3). It is interesting that none of
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FIGURE 9. The outer diameter of aortic vessels is increased at physiolog-
ical pressures in DKO mice. A, histogram of mean blood pressure measure-
ments. B, pressure myography performed on aortae from 6-month-old male
mice. Asignificantincrease in aortic outer diameter at physiologic pressuresis
seen in DKO animals. C, graph indicating mean body weight of mice at the
time of sacrifice. D, graph depicting mean heart weight to body weight ratios.
* p=001; +,p =002

those changes are evident in MAGP2-deficient mice. MAGP2
deficiency also shows little overlap with phenotypes found in
mice lacking MAGP1, which supports unique functions for the
individual proteins and agrees with the more limited distribu-
tion of MAGP2 compared with MAGP1.

Microfibrils serve to regulate growth factor availability, par-
ticularly the activity of TGF8, BMP, and Notch family members
(32—34). Because these growth factors are produced by and sig-
nal to many cell types, signaling must be tightly regulated. The
fibrillins sequester the TGF3 large latent complex in the ECM,
where it can be activated when needed. Mutations in fibrillin
lead to elevated active TGF 3 levels, which accounts for the phe-
notypes associated with Marfan syndrome. The role of MAGPs
in growth factor signaling may be more complex in that they
may function to sequester ligands from, or present them to,
signaling receptors in a tissue-specific manner (33, 34).
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FIGURE 10. MAGP2 binds active growth factor cytokines. A, surface plasmon resonance was used to monitor real-time binding of immobilized, bacterially
expressed, and refolded murine MAGP2 to active human TGFB1 at concentrations of 100, 50, 50, 25, 25, and 12.5 nm. B, BLI was used to monitor real-time
binding of immobilized murine MAGP2 to murine TGFf2 at concentrations of 1000, 500, 250, 125, 62.5, 31.3, 15.6, and 7.8 nm. C, BLI was used to monitor
real-time binding of immobilized refolded murine MAGP2 to murine BMP2 at concentrations of 1000, 500, 250, 125, 62.5,31.3, 15.6, and 7.8 nm. D, equilibrium
analysis of refolded MAGP2 binding BMP2 as measured by BLI. E, equilibrium analysis of natively secreted MAGP2 binding BMP2 as measured by BLI. Response
units at equilibrium (R,,) values from BLI data are plotted against cytokine concentration with a non-linear fit superimposed.

MAGP1 binds TGEBs, BMPs, and Notch receptors and
ligands (13, 33). Much like the classical fibrillinopathies,
MAGP1 loss of function leads to increased TGEp signaling and
subsequent disease in some tissues (4, 13, 19, 20). Like MAGP1,
MAGP2 also binds TGFB superfamily members as well as
Notch receptors and ligands. This suggests that MAGP2 may
regulate these growth factors in vivo. Interestingly, proper lev-
els of Notch signaling are required for definitive hematopoiesis,
whereas TGFB and BMP are master regulators of hematopoi-
etic stem cell quiescence and osteoblastic niche size, respec-
tively (35-37). TGEP signaling can differentially affect most
hematopoietic stem cell types according to signal strength, sig-
nal localization, and differentiation state of the target cell (36).
Thus, misregulation of Notch, TGFB, or BMP signaling because
of loss of MAGPs is consistent with alterations in cells of the
myeloid lineage. Both MAGP1 and MAGP2 are expressed in
trabecular bone, consistent with a potential role for these pro-
teins in hematopoiesis (16). Differences in MAGP1 and
MAGP2 expression patterns and growth factor binding affini-
ties may explain the neutropenia in 2KO mice and monocyto-
penia in 1KO animals. Interestingly, loss of MAGP2 function
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does not modify the monocytopenia seen in MAGP1-deficient
mice because DKO animals exhibit both neutropenia and
reduced monocyte cell numbers.

In addition to influencing cells within the bone marrow,
TGEB/BMP signaling coordinates bone anabolism (via osteo-
blast activation) with bone catabolism (via differentiation of
osteoclasts from hematopoietic stem cell precursors) (38 —41).
MAGP1-deficient mice develop osteopenia with age because of
increased osteoclast number (20). A study of these animals
revealed increased circulating levels of the osteoclast differen-
tiation factor receptor activator of NF«B ligand (RANKL) (19).
Treatment of cultured MAGP1-deficient osteoblasts with TGFf3
neutralizing antibodies reduced RANKL production by these cells
to base-line levels, suggesting increased TGE 3 signaling because of
loss of MAGP1 function as the primary defect in bone homeosta-
sis. The studies detailed here indicate that, unlike MAGP1, loss of
MAGP?2 function does not negatively affect bone mineral density.
Furthermore, DKO mice do not develop spontaneous fractures
and lack severe osteopenia associated with MAGP1 deficiency.
This suggests that loss of MAGP2 in tandem with loss of MAGP1
restores bone mineral density.
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An explanation for why loss of MAGP?2 is protective against
bone loss may lie in the ability of MAGP2 to manipulate Notch
signaling. MAGP1 and MAGP2 both have the ability to bind
Notchl, Jaggedl, Jagged2, and Deltal (33). Both proteins medi-
ate ectodomain shedding of Notchl and activate the Notch
intracellular domain. MAGP2, however, has the added ability to
activate Notch signaling through release of Jaggedl from the
cell surface (42). The activated Notch intracellular domain
inhibits osteoclast differentiation both from hematopoietic
precursors and from preosteoclasts (43). Jagged1/Notch intra-
cellular domain signaling also impedes osteoclast formation by
inhibiting RANKL expression in mature osteoblasts (43). Inhi-
bition of Notch signaling in the context of bone formation
increases osteoblast differentiation, thereby increasing bone
formation (43). The studies detailed here indicate that loss of
MAGP?2 alone has a slight net anabolic effect on bone mass.
Thus, changes in Notch signaling associated with MAGP2
deficiency may provide a mechanistic explanation for why
MAGP1-induced increases in osteoclastogenesis are not as
prominent in DKO animals.

Previous work demonstrates that fibrillin-1 deficiency leads
toincreased aortic diameter pressure curves, hypotension, frag-
mentation of elastin, and changes in aortic compliance that
becomes apparent with age (44, 45). Our findings also show
increases in aortic diameter pressure curves in 6-month-old
MAGP DKO mice but not in the single knockouts. As with the
fibrillinopathies, changes in large vessel architecture and func-
tion in DKO animals may occur because of several contributing
factors. Firstly, changes in MAGP expression may cause devel-
opmental changes in ECM architecture that become more
apparent with age. This idea is supported by studies in
zebrafish, where loss of MAGP1 causes distension and loss of
vessel integrity in cranial and caudal blood vessels during devel-
opment (46, 47). Secondly, ECM remodeling and homeostasis
may be altered by loss of MAGPs. Increased TGEp signaling in
aortic tissue occurs with loss of growth factor binding by micro-
fibril proteins (3, 44, 48). This leads to extensive pathological
remodeling, loss of vessel integrity, and, ultimately, aortic dis-
section in mice and humans iz vivo (3, 48, 49). Loss of MAGP
results in a similar, albeit blunted pattern of pathologic remod-
eling, leading to loss of vessel integrity but not aortic dissection.
Because MAGPs are highly expressed in large vessels and bind
active TGFP ligands, it is possible that loss of MAGPs causes
small changes in TGFf signaling that, over time, produce a
fibrillinopathy-like phenotype in large vessels (7, 13).

An Arg-Gly-Asp (RGD)-containing sequence in fibrillin-1,
when applied to cells, was found to increase the expression of
matrix metalloproteinases 1 and 3 (50). Increased proteolytic
activity by matrix metalloproteinases is a characteristic feature
of fibrillinopathies such as Marfan syndrome (51). MAGP2 also
contains an RGD sequence that binds av33 integrins, although
the function of this domain in MAGP2 is not understood (52).
Because RGD-containing sequences can be important regula-
tors of proteolytic activity, cell adhesion, and growth factor
presentation to cells, one must consider mutations in fibrillins
or MAGPs that impair MAGP-fibrillin interaction as poten-
tially important. As stated previously, MAGPs covalently bind
fibrillins on the microfibril. Disease-causing mutations in fibril-
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lin-1 in mice are associated with increases in MAGP2 expres-
sion in vivo, suggesting a regulatory link between these micro-
fibrillar proteins (24, 53, 54). Increased gene expression and/or
mutations in MAGPs or fibrillins may result in unbound
MAGPs in the ECM with unknown effects on growth factor
signaling and matrix metalloproteinases expression. When
taken together, these data demonstrate that loss of MAGPs
shares pathological features of fibrillinopathies and raise the
question as to how much of the pathology attributed to loss of
fibrillin function is directly linked to loss of MAGP-fibrillin
interaction and subsequent MAGP-dependent ECM changes.

Interestingly, MAGP2 expression is negatively correlated
with patient survival from advanced-stage ovarian cancer (55).
Mok et al. (55) suggest that MAGP2-dependent changes in can-
cer cell biology may be conferred via multiple mechanisms. The
authors correlate MAGP2-mediated avf33 integrin interaction
with chemotherapy resistance and cell survival (55). Also inte-
gral to tumor survival is development of a blood supply through
angiogenesis. MAGP2 negatively regulates Notch signaling in
endothelial tip cells and promotes angiogenic sprouting, poten-
tially providing another mechanism for MAGP2-mediated
tumor growth and survival (34). Previous studies demonstrate
a high metastatic potential in human melanoma cell clones
with expression of peanut agglutinin-reactive glycosylation
on MAGP1 and MAGP2 (56). Analysis of MAGP proteins
with the NetOGlyc server demonstrates two highly con-
served and one non-conserved predicted O-linked glycosyl-
ation site in the N terminus of MAGP1 (12). MAGP2 has five
highly conserved and one non-conserved O-linked carbohy-
drate site, all within the amino-terminal portion of the mol-
ecule (Fig. 3B). Additional glycosylation domains on MAGP2
suggest evolutionary acquisition of unique protein-protein
interactions. It is currently known that protein glycosylation
patterns change in the context of cancer, with the net effect
of altering cell signaling and nutrient availability (57, 58).
Moreover, MAGP2 physically interacts with active TGEs,
BMPs, and Notch receptors and ligands. It is not difficult to
imagine that MAGP2 expression may allow transformed
cells to harness several powerful mechanisms to promote
tumor growth, metastasis, and chemotherapy resistance.
Research directed at uncovering the molecular mechanisms
by which MAGP2 promotes tumor growth and metastasis is
clinically important.

These studies demonstrate that MAGP?2 plays a role in the
biology of the hematopoietic and vascular systems and suggest
that MAGP2 is capable of regulating growth factor bioavailabil-
ity. Work by other authors also links MAGP2 expression status
to cancer outcome (34). Clearly, further understanding of
MAGP?2 function not only increases our understanding of ECM
biology but has the potential to significantly impact human
health.
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