Loss of fibulin-4 results in abnormal
collagen fibril assembly in bone,
caused by impaired lysyl oxidase
processing and collagen cross-linking
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Abstract

The extracellular matrix protein fibulin-4 has been shown to be indispensable for elastic fiber assembly, but
there is also evidence from human mutations that it is involved in controlling skeletal development and bone
stability. Fibulin-4 mutations were identified in patients suffering from vascular abnormality and/or cutis laxa,
and some of these patients exhibited bone fragility, arachnodactyly and joint laxity. In order to elucidate the
role of fibulin-4 in bone structure and skeletal development, we analyzed structural changes in skeletal tissues
of Fbin4~~ mice. Immunostaining confirmed that fibulin-4 is highly expressed in cartilage, bone, ligaments and
tendons. No morphological abnormalities were found in the skeleton of Fbin4~~ mice as compared to wild
type littermates except forelimb contractures as well as unusually thick collagen fibrils. Furthermore, fibulin-4
deficiency caused enhanced susceptibility of bone collagen for acid extraction, consistent with significantly
reduced lysylpyridinoline and hydroxylysylpyridinoline cross-links in bone. In accordance with that, the
amount of lysyl oxidase in long bones and calvaria was strongly decreased and proteolytic activation of lysyl
oxidase was reduced in fibulin-4 deficient osteoblasts, while addition of recombinant fibulin-4 rescued the
activation. The finding suggested that fibulin-4 is important for the proteolytic activation of lysyl oxidase which
has a pivotal role in cross-linking of collagen and elastin.

© 2015 Elsevier B.V. All rights reserved.

Introduction

Collagens and elastin are major extracellular
matrix proteins which serve important structural
functions in the animal body. Type | collagen is the
most abundant protein in vertebrates and comprises
90% of the organic components of bone. Intermo-
lecular cross-links are essential for the functions of
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collagen and elastic fibers, and lysyl oxidase (LOX)
is the responsible enzyme which initiates the first
step of cross-link formation. Lysine (Lys) €-amino
groups in elastin are oxidatively deaminated by LOX
to form allysine, which subsequently condense to
yield desmosine or isodesmosine [1]. In collagen |,
specific Lys and hydroxylysine (Hyl) residues in the
N- and C-telopeptides are oxidatively deaminated to
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Fig. 1. Expression of fibulin-4 in mouse skeletal tissue. (A-D) Staining of the tibia and adjacent tissues from newborn
mice with anti-fibulin-4 antibody (green) and anti-collagen | antibody (red) shows fibulin-4 in cartilage (c), ligaments (/),
periosteum (p) and bone (b). (B-D, D’) B-D labeled in A are shown with a higher magnification. D’ is the same as D but only
fibulin-4 staining is shown. (E, F) Staining of wild type (E) and Fbin4~'~ femur (F) with the same antibodies as in A shows

the absence of fibulin-4 in Fbin4™~ mice.
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create reactive aldehydes that initiate non-enzymatic
condensation reactions to form covalent bonds with
Lys or Hyl residues on juxtaposed adjacent collagen
molecules [2—-4].

The LOX family consists of five members including
four LOX-Like proteins LOXL1-LOXL4 [5]. All
possess the catalytic domain at the C-terminus
showing high homology, however the N-terminal
regions are very diverse. Structurally LOX and
LOXL1 are similar; they are activated by BMP-1/
mammalian Tolloid and mammalian Tolloid-like
proteases which release the N-terminal region [6].
The N-terminal regions of LOXL2, LOXL3 and
LOXL4 consist of scavenger receptor cysteine-rich
domains and need not to be cleaved off in order
to convert to an active enzyme. Inactivation of the
Lox gene in mice results in perinatal death due to
aortic aneurysms, rupture of diaphragm and dys-
function of lung [7-9]. In contrast, Lox/71 null mice are
viable but develop pelvic organ prolapse, enlarged
airspaces of lung, loose skin and vascular abnor-
mality, suggesting that LOXL1 is mainly involved in
cross-linking of elastin [10].

Fibulins are extracellular glycoproteins associated
with elastic fibers and basement membranes (for
reviews see [11-13]). The unique structural feature
of this protein family consisting of 7 members
(fibulin-1 to 7) is a tandem array of calcium-binding
epidermal growth factor (cbEGF)-like modules and a
fibulin-type C-terminal (FC) domain. Fibulin-4, 50 kD
in size, is a relatively small member of the fibulin
family and consists of an N-terminal modified cbEGF
module, followed by five consecutive cbEGF
modules and the FC domain [14]. It plays an
important role in development and integrity of elastic
fibers. Evidence came from human patients suffering
from vascular abnormality and/or cutis laxa, ara-
chnodactyly, pectus excavatum and joint laxity that
were associated with different mutations in the
fibulin-4 gene, EFEMP2/FBLN4 [15—19]. The clinical
phenotypes varied with the type of FBLN4 mutation;
for example, one patient diagnosed with autosomal
recessive cutis laxa 1B caused by E57K missense
mutation had multiple bone fractures at birth and
also presented with arterial tortuosity, aneurysm,
emphysema, inguinal and diaphragmatic hernia, and
joint laxity [15]. A homozygous missense mutation
C267Y was found in the FBLN4 gene in another
patient died perinatally and this patient was affected
with cutis laxa, arachnodachtyly, microcephaly and
facial dysmorphism in addition to collapsed lung and
fragility of vessels [17]. A recent report by Erickson et
al. [18] showed an osteogenesis imperfecta-like
phenotype including arachnodactyly and multiple
bone fractures. This phenotype was caused by
homozygous deletion of a single nucleotide in exon
1 which introduced a premature stop codon in exon
2, most likely resulting in a condition similar to
fibulin-4 null mice.

A pivotal role of fibulin-4 in the formation of elastic
fibers and tissues was confirmed by targeted
inactivation of the fibulin-4 gene in mice which
resulted in perinatal lethality due to aneurysm, artery
tortuosity and ruptures, and lung abnormalities [20].
In the aorta of fibulin-4 deficient mice, disorganized
elastic fibers and perturbation of TGF-f signaling
were observed, and elastin cross-links in tissues
were largely diminished.

In these studies it remained open, however,
whether the loss of fibulin-4 in mice also caused
skeletal and other systemic connective tissue
anomalies as in human patients. We recently
generated a Fbin4 deficient mouse strain (Fbin4™")
which exhibited bilateral forelimb contractures, in
addition to vascular and pulmonary defects causing
perinatal death [48]. Here we addressed the ques-
tion whether fibulin-4 also affects structure and
development of bone in addition to elastic tissue.
Morphological and biochemical analysis of skeletal
development and bone structure of these Fbin4™~
mice showed normal fetal bone development, but
bones from newborn animals exhibited a strong
disturbance in collagen fibril assembly, with a high
rate of unusually large diameter collagen fibrils.
Furthermore, type | collagen was more easily
extractable with acid from Fbin4~~ bones due to
strongly impaired cross-link formation. Consistent
with this finding, osteoblasts from Fbin4™~ mice
exhibited reduced amounts of the active form of
LOX. Thus, here we show for the first time that
fibulin-4 is not only essential for the formation of
elastic fibers and for elastin cross-linking, but also for
the cross-linking of type | collagen in bone by
controlling the activation of LOX.

Results

Expression of fibulin-4 in mouse skeletal tissues

Guinea pig anti-mouse fibulin-4 and rabbit
anti-mouse collagen | were used to co-stain cryosec-
tions of newborn mouse hindlimb (Fig. 1). Fibulin-4
was prominently expressed in cartilage, bone,
perichondrium and ligaments (Fig. 1A, B, C). In
bone, perichondrium and ligaments, fibulin-4 coloca-
lized with collagen | (Fig. 1D). Fibulin-4 was also
detected in bone marrow stroma (Fig. 1A), but as
expected, no fibulin-4 was detected in sections of
fibulin-4 null mice (Fig. 1F).

Morphological and histological analysis of the
skeleton of fibulin-4 null mice

The inactivation of both alleles of the Fbin4 gene
resulted in postnatal lethality [20,48], therefore only
embryos or newborn fibulin-4 null mice were
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Fig. 2. Skeletal analyses of wt and Fbin4™~ mice show no major alterations in bone development but forelimb contractures
(A, arrow). (A) Whole mount skeletal staining with Alcian blue and Alizarin red. (B) Histograms summarizing yCT measurements
of femur and humerus. BV, bone volume; TV, total volume; TB.N, trabecular number; TB.Th, trabecular thickness; TB.Sp,
trabecular separation. (C—F) Histochemical staining of femur at E18.5 with Alcian blue (C), and of femur at P1 with
Masson-trichrome (D) and with von Kossa (E). Immunostaining with anti-collagen | of femur at P1 (F). Scale bars, 200 pm.

available for analysis. Alcian blue and alizarin red exception of striking contractures of the forelimbs
staining of newborn Fbin4 null mice demonstrated (Fig. 2A, arrow). Preparation of mice for Alcian blue
normal morphology of the skeleton (Fig. 2A), withthe ~ and Alizarin red staining revealed that Fbin4~~ mice
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Fig. 3. Disregulated bone collagen fibril size in Fbin4”~ mice. (A) Ultrastructural analysis of bone collagen fibrils of

Fbin4~~(KO), Fbin4*'~ (HET) and wt femora shows a substantial proportion of unusually thick fibrils, not seen in wt or
Fbin4*'~ bones, and a higher variation of fibril diameters was observed in Fbin4™~ bones, (B) cross section areas of fibrils
were measured in 4 different thin sections of each genotype, counting between 200 and 400 fibrils per image using the
ImagedJ program. Calculation of the fibril cross section areas (in nm?) and diameters (in nm) shows that a high proportion of
Fbin4~~ fibrils had large diameters above 70 nm, which were never seen in heterozygote or wt bone sections; depicted are
the results of one typical experiment. (C) Owing to the higher variation in collagen fibril diameters, the standard deviation
for each mean value (MV) calculated for each image is higher for the Fbin4™~ fibrils than for wt or heterozygote fibrils.
(D) Comparison of mean values of each genotype shows that the average diameter of Fbin4~'~ fibrils is higher than that of
wt and heterozygotes.

were more sensitive to KOH maceration than wt (wild
type) littermates, and especially distal parts of limbs
fell into pieces without the fixation with paraformal-
dehyde or formalin during KOH maceration, sug-
gesting enhanced fragility of limb ligaments. Bone
analysis by microCT measurements did, however,
not reveal any significant differences in bone volume
or trabecular thickness between wt and Fbin4~~
mice (Fig. 2B). No abnormality of the staining for
proteoglycans, calcium and collagens was detected

with Alcian blue (Fig. 2C), von Kossa staining
(Fig. 2E), Masson-trichrome (Fig. 2D) and anti-c-
ollagen | (Fig. 2F), respectively.

Abnormal size distribution of collagen fibrils in
Fbin4™"- bone

Next long bones from wt, Fbin4*'~ and Fbin4~'~
mice were analyzed by electron microscopy.
Surprisingly, a striking variation in the thickness of
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bone collagen fibrils was observed in Fbin4~~ bone,

with numerous fibrils thicker than 70 nm which were
never observed in wt or Fbin4*'~ bones (Fig. 3). The
cross sectional areas of collagen fibrils in 4 different
sections of each genotype were measured, and the
results showed confirmed a substantial amount of
fibrils thicker than 70 nm in Fbin4~~ bones. Accord-
ingly, the mean diameter of collagen fibrils in
Fbin4~~ bones was 63.2 nm as compared to about
50 nm of wt or Fbin4*'~ bone collagen fibrils (Fig. 3B,
C, D), indicating that fibulin-4 is involved in the
control of collagen | fibril assembly in bone.

Changes in collagen cross-links in Fbin4™"~
bones

In order to address the question whether fibulin-4
affects the cross-linking of collagens in bones,
collagen was extracted from bones from 5 to 7
newborn Fbin4™~, Fbin4*'~ and wt littermates with
0.5 M acetic acid, followed by pepsin digestion. A
representative result obtained from one wt, one
Fbin4*~ and two Fbin4™~ bones shows that acid
treatment solubilized significantly more collagen |
from long bones of Fbin4 "~ mice, compared with wt
and Fbin4*"~ long bones. The differences were less
striking in calvarial bones (Fig. 4). Also pepsin

«—0o2

an arrow head was identified as embryonal
muscle myosin heavy chain by N-terminal
sequencing. The figure shows that Fbin4~'~
bones are susceptible to collagen extraction
with acid, while wt and Fbin4*'~ long bones are
almost resistant to acid extraction. The differ-
ences were less striking in calvarial bones.

extraction solubilized more monomers and dimers,
but the difference was less significant than those
seen in acid extracts (data not shown).

The amounts of lysylpyridinoline (LP) and hydro-
xylysylpyridinoline (HP) cross-link components were
determined in cartilage and bone by reverse-phase
high performance liquid chromatography. Both LP
and HP contents in bone but not in cartilage were
reduced to close to 50% in Fbin4~'~ mice compared
to wt mice (Table 1). The trifunctional collagen
cross-links, LP and HP, result from the hydroxyally-
sine route in which a Lys residue in the telopeptide is
hydroxylated. Therefore we compared the amounts
of Hyl and the ratio of Hyl/Hyl + Lys, but found no
significant difference between wt and Fbin4~~ mice
(Table 2).

mRNA expression of LOX is not changed but the
protein is significantly decreased in Fbin4
knockout bones

In order to elucidate whether the reduced amounts
of LP and HP cross-links in Fbin4~'~ bones were due
to reduced LOX expression, LOX mRNA in Fbin4~~
and wild type mice was analyzed by in situ
hybridization and real-time PCR (Fig. 5). The in situ
hybridization analysis showed that pattern and

Table 1. The content of hydroxylysylpyridinoline (HP) and lysylpyridinoline (LP) crosslink compounds in cartilage and
bone. Tissues were hydrolyzed with 6 N HCI and crosslink compounds were quantified by HPLC.

Hyp/pro HP/triple helix LP/triple helix HP/LP (HP + LP)/triple helix
Cartilage
Wt (n = 4) 0.414 + 0.008 0.0462 + 0.00462 0.0148 + 0.0016 3.08 + 0.060 0.061 + 0.0062
Fbin4™~ (n = 5) 0.401 = 0.020 0.0520 + 0.00872 0.0198 + 0.0042 2.68 + 0.327 0.072 + 0.0124
Bone
Wt (n = 4) 0.527 + 0.045 0.0215 + 0.0860 0.0140 + 0.0013 1.55 + 0.166 0.035 + 0.132
Fbin4™~ (n = 5) 0.521 + 0.030 0.0117 + 0.00213 0.00732 + 0.0023 1.67 + 0.343 0.019 = 0.004
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Table 2. Amounts of total hydroxylysine in cartilage and intensity of LOX expression were very similar in wt
bone. Amounts of Hyl are shown as the number of  and fibulin-4 null mice (Fig. 5A). Also the mRNA
residues per collagen triple helix. levels of Collal, Lox, Bmp1, fibronectin (Fn) and

Hyp/pro  Hyltriple helix  HylHyl + Lys  Periostin (Postn) in long bones as measured by
gRT-PCR were not significantly different (Fig. 5B).

Cartilage

Wt (n = 3) 045  76.8 + 1.01 014 However, Western blot analyses revealed that the
Fbin4™ (n = 3) 0.42 828+ 3.12 014 protein levels of active LOX were significantly

Bone reduced in bone and calvaria extracts from
Wt (n = 3) 0.48 47.0 +1.48 0.09 Fbin4~'~ mice (Fig. 6). Pro LOX could not be
Fbind™"(n=3) 048  45.0=1.43 0.0 detected in those extracts.
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Fig. 5. mRNA expression of lysyl oxidase (LOX) is not changed in Fbin4 knockout bones. (A) mRNA expression of
Col1a1 and Lox in radius determined by in situ hybridization. Scale bar, 200 ym. (B) Total RNA was isolated from long

bones and mRNA expression was determined by real-time PCR. Expression of BMP1, fibronectin (Fn) and periostin
(Postn) which affect pro LOX activation are not different between wt and Fbin4~'~ mice.
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Fig. 6. Western blot analysis of LOX in bones. Whole proteins were extracted with SDS-PAGE sample buffer from long
bones or calvaria of wt, Fbin4~'~ and Fbin4*'~ mice. Staining with Commassie brilliant blue confirms that the same amounts
of proteins were loaded. Western blot analysis with anti-LOX antibody detects only the activated form of LOX which is

nearly absent in the extracts from Fbin4™~ mice.

Activation of pro LOX is reduced in Fbind~~
osteoblasts

In order to analyze whether fibulin-4 is involved in
the activation and/or stability of LOX, the unpro-
cessed pro LOX and processed form LOX were
analyzed in cultures of primary calvarial osteoblasts
from Fbin4~"~ mice and wt littermates. Both LOX and
pro LOX were detected in the conditioned media and
cell lysates with an antibody prepared against the
activated form of LOX (Fig. 7A), but less activated
LOX was found in the media and cell lysates of
Fbin4~"~ osteoblasts. This antibody detected several
more bands in the cell lysates but it is not clear
whether those bands belong to LOX.

Addition of recombinant fibulin-4 to the medium
of osteoblasts from Fbin4~~ mice enhanced pro-
cessing and activation of LOX (Fig. 7B), confirming a
role of fibulin-4 in LOX processing. However,
fibulin-4 did not induce mRNA expression of LOX
and BMP-1, which is the enzyme responsible for
LOX activation (data not shown). Recombinant
fibulin-4 used did not contain BMP-1 (Suppl. Fig.
2), excluding the possibility that the observed
activation of LOX processing was due to contami-
nating BMP-1.

We also investi/gated the possibility that osteo-
blasts from Fbin4™~ mice might have a defect in their
maturation, but Alizarin red staining of osteoblast
cultures prepared from calvaria did not indicate a
delay in differentiation and calcification in compari-
son to wt osteoblasts (Suppl. Fig. 3).

Discussion

Recent reports on patients with FBLN4 mutations
as well as studies on targeted disruption of the Fbin4
gene in mice have provided ample evidence that
fibulin-4 has a pivotal role in elastogenesis and
stability of elastic tissues [20]. Moreover, the studies
indicated that fibulin-4 is involved in the development
and stability of the skeleton [15,17,18]. In order to
elucidate the exact role of fibulin-4 in bone develop-
ment and structure, we investigated the morpholog
and ultrastructure of developing bone of Fbin4™~
mice including changes in bone collagen structure in
these animals. Our results did not show significant
abnormalities in bone development except for the
reported contracture of forelimbs, but an abnormal
morphology of bone collagen fibrils in Fbin4~~ mice
was seen with a substantial proportion of fibrils
having diameters larger than 70 nm, which were
never observed in wt or heterozygous bones.
Furthermore, treatment with acetic acid extracted
substantial amounts of soluble collagen monomeric
a-chains from Fbin4~~ bones, but not from wild type
bones, indicating impaired cross-linking. This notion
was substantiated by three observations: 1) Our
Western blot analyses revealed that the amount of
processed LOX was strongly reduced in bones from
Fbin4~"- mice. 2) Although levels of Lox mRNA were
similar in Fbin4~~ and wild type bones, processing
and activation of the pro LOX to the active form of LOX
was impaired in cultured Fbin4~~ osteoblasts, while
the addition of fibulin-4 restored the processing of LOX.
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Fig. 7. Less activated LOX found in cultured calvarial osteoblasts isolated from Fbin4

~~ mice. (A) Western blot with

anti-LOX of conditioned media and cell lysates collected from 48 h cultures of calvarial osteoblasts from wt, Fbin4*'~and
Fbin4~~mice. In contrast to tissue extracts (Fig. 6), processing of pro-Lox to LOX is not complete in osteoblast cultures.

The exact nature of the 4 LOX bands of about 55 kDa

and 36 kDa in cell lysates is unclear yet. (B)The media of

osteoblasts from wt, Fbin4*'~ and Fbin4™~ mice were subjected to SDS-PAGE, and LOX (upper panel) and fibulin-4 (lower
panel) were detected by specific antibodies. Addition of recombinant fibulin-4 to osteoblasts from Fbin4~”~ mouse

enhanced the activation of LOX.

3) HPLC analysis of heterocyclic collagen cross-link
components revealed only half amount of HP and LP
in Fbin4™~ bones as compared to wt bones.

These results indicate that fibulin-4 is involved
in the regulation of collagen cross-linking by LOX.

The importance of LOX-mediated cross-links in
mechanical stability of tissues is well documented
by the experimentally induced phenotype of osteo-
lathyrism, caused by -aminopropionitrile (BAPN),
which is an irreversible inhibitor of LOX [21]. In fact,
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previously it has been shown that fibulin-4 interacts
with the LOX propeptide [22,23], and intriguingly, the
phenotypes of Fbin4 deficient mice are very similar
to those of Lox deficient mice which present aortic
aneurysms, cardiovascular dysfunction, and perina-
tal death, as well as abnormal integrity of elastic and
collagen fibers [7-9].

Intermolecular cross-links are essential for the
functions of collagen and elastic fibers, and LOX is
the responsible enzyme which initiates the first
step of cross-link formation. LOX activity is highest
against nascent fibrils of native collagen and elastin,
and low against the protein monomers in solution.
Lysine g-amino groups in elastin are oxidatively
deaminated by LOX to the reactive aldehyde
components allysine which subsequently condense
to yield desmosine or isodesmosine [1]. Similarly, in
collagen 1, specific lysine and hydroxylysine (Hyl)
residues in the N- and C-telopeptides are oxidatively
deaminated to create allysine or hydroxyallysine,
respectively, that initiate non-enzymatic condensa-
tion reactions to form covalent, Schiff-base type
aldimine bonds with Lys or Hyl residues on juxta-
posed adjacent collagen molecules [2,4,3]. The
allysine route predominates in skin and the hydro-
xyallysine route in bone and cartilage [24,25]. The
Schiff-base type aldimine crosslinks are acid-labile,
while the mature aldol cross-links are stable to low
pH. Therefore, the enhanced extraction of collagen a
chains with acetic acid is most likely due to
accumulation of acid-labile aldimine cross-links
found in bones of fibulin-4 null mice, but this issue
could not be finally settled due to perinatal lethality of
fibulin-4 null mice and lack of sufficient bone tissue.

The dehydro-lysinonorleucine (deH-LNL) cross-
links formed between lysine aldehyde (allysine)
and lysine remain immature and are reducible
with sodium borohydride, whereas dehydro-dihy-
droxy-lysinonorleucine (deH-HLNL) formed between
hydroxyallysine and Lys, or between allysine and Hyl
can mature to a non-reducible trivalent crosslink
[2,3,26]. Also the amount of trifunctional cross-links,
HP and LP, was decreased by about 50% in bones
from Fbln4“ mice as compared to wt bones. In
newborn wt bones, the content of HP and LP was
determined 0.0215 and 0.014 mol/mol collagen,
respectively, which is about 10-20 times lower
than that of adult bones, 0.427 and 0.051 for
mouse femur [26], 0.35 and 0.09 for human bone
[27], and 0.28 and 0.04 for bovine bone [28]. The
decrease of active LOX found in tissues may also
explain the reduction of desmosine level in tissues of
fibulin-4 null mlce [20]. The ratio of Hyl/Lys + Hyl
(0.09) in Fbin4~"~ bones was comparable with that of
wt bones, |nd|cat|ng that the enhanced solubility of
collagen in Fbin4™~ bones was not due to the
changes in lysine hydroxylation.

Also fibronectin and periostin were shown to
promote proteolytic activation of LOX, but this

occurs through their interaction with BMP-1 [29,30].
BMP-1 also processes type | procollagen, chordin,
and pro-biglycan, reactions which are enhanced by
fibronectin. Fibulin-4 was shown to interact with the
LOX propeptide [22,23] but not with BMP-1 (Sasaki,
unpublished), and inactivation of Fbin4 gene did not
affect the expression of fibronectin and periostin
mRNAs. Fibulin-4 is not involved in the processing of
type | procollagen (Suppl. Fig.1). The exact mech-
anism of how fibulin-4 promotes the activation of
LOX remains to be elucidated.

The question remained how the lack of fibulin-4 in
bone is related to the high variability and striking
increase in collagen fibril diameter up to two fold of
wild type collagen fibrils, and whether there is a
connection to the impaired LOX activity in Fbin4™~
mice. Important regulators of collagen | fibrillogen-
esis are collagen V as well as small leucine-rich
proteoglycans (SLRPs) including fibromodulin,
lumican, biglycan, decorin and others [31,32].
Ultrastructural analyses of bone collagen fibrils
from biglycan deficient mice revealed that the
average diameter and the range of fibril diameters
were increased compared with wild type mice [33].
Interestingly, the analysis of tendon collagen |
from fibromodulin-deficient mice revealed that fibro-
modulin also regulates collagen cross-links by
modulating LOX action on the C-telopeptide lysines.
The authors suggested that the individual SLRPs
may have distinct roles regulating cross-linking
during fibril growth and maturation [34]. Thus,
there may be a possibility that fibulin-4 modulates
collagen cross-linking through the interaction with
SLRPs. Papke et al. [35] identified fibromodulin and
biglycan as potential fibulin-4 binding candidates
by proteomic screening. Biglycan and decorin
have important role in collagen fibrillogenesis in
bone, while fibromodulin is involved in this process
in tendons which also exhibit anomaly in fibulin-4
null mice [48]. BMP-1 and related enzymes
process probiglycan to a mature form. Removal
of the N-propeptide of biglycan induces conforma-
tional changes which presumably affect the inter-
actions with other molecules [36]. It remains to be
elucidated whether biglycan is properly processed
in fibulin-4 deficient mice, and whether fibulin-4
has a similar function as SLRPs on collagen
fibrillogenesis.

Recently, a number of studies support the concept
that LOX may be directly involved in the control of
collagen fibrillogenesis. Pischon et al. reported that
loss of LOX in mice resulted in a slight reduction of
collagen fiber diameter in calvaria [37]. Furthermore,
dispersed and shorter collagen fibers which did not
form tight bundles as observed in wild type mice
were found in Lox™~ mouse lung [9]. Finally, strong
evidence for the notion that LOX activity is required
for proper collagen fibrillogenesis by tenocytes in
vitro was provided by Herchenhan et al. [38]. They
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showed that inhibition of LOX by BAPN lead to
structurally abnormal collagen fibrils with wider
distribution of diameters and irregular shapes [38].
Collagen V, decorin, fibromodulin, and tenascin-X
proteins were unaffected by the cross-link inhibition,
suggesting that LOX regulates fibrillogenesis
independently from these molecules.

In conclusion, we have shown that loss of fibulin-4
results in abnormality of collagen cross-links
and collagen fiber size in developing bone. This
phenotype is partially due to the reduction of LOX
protein, which has been shown to be involved in the
regulation of collagen fibrillogenesis. With these
findings we provide further insight into the patholog-
ical mechanisms caused by FBLN4 mutations.

Materials and methods

Animals

Generation of Fbin4 deficient mice is described
elsewhere [48]. In brief, the 3' portion of exon 1
including the translational start site (ATG) and entire
exon 2 were replaced by the gene for YFP (yellow
fluorescent protein) and neomycin resistance
genes. For the analysis of bone development and
structure in this paper the Fbin4™~ mice were
backcrossed into a C57BL/6 background.

Immunohistological staining

Cryosections of hindlimbs from newborn Fbin4
null, heterozygote and wild type mice were fixed
with cold acetone for 10 min and treated with
hyaluronidase (1 mg/ml, Sigma H3506) at room
temperature for 30 min before immunostaining.
First antibodies used were guinea pig anti-mouse
fibulin-4 (Markova et al., unpublished) and rabbit
anti-mouse collagen | generated by immunizing
with collagen | from mouse tails and both antibodies
were affinity-purified. Immunization of rabbit and
affinity-purification were carried out using estab-
lished protocols [39]. The secondary antibodies
were Alexa Fluor 488-conjugated goat anti-guinea
pig 1gG (Molecular Probes, Eugene, OR) and
Cy3-conjugated goat anti-rabbit 1gG (Jackson
ImmunoResearch Laboratories, Inc.). Images
were acquired on an Axiophot fluorescence micro-
scope (Zeiss) using Axiovision software.

Paraffin sections were rehydrated and incubated
with rabbit anti-collagen | (Abcam ab21286, 1:500) at
4 °C overnight. Bound antibody was detected
using Link-Label IHC Detection system (Biogenex,
San Ramon, CA) with biotinylated anti-rabbit Ig,
avidin-coupled alkaline phosphatase, and Fast Red
(Sigma-Aldrich) according to the manufacturer's
instruction.

Histological staining

Whole mount staining of mouse skeletons with
Alcian blue and Alizarin red were performed as
described with a minor modification [40]. Tissues
were fixed with 10% formalin overnight, and stained
with 0.015% Alcian blue for 12 h. After washing with
95% ethanol tissues were treated with 2% KOH for
several days, followed by staining with 0.5% alizarin
red.

Limbs were fixed with 4% paraformaldehyde in
phosphate-buffered saline (PBS) at 4 °C overnight
and processed for paraffin embedding. Sections
were stained with Alcian blue, Masson-Trichrome
and von Kossa staining.

Micro-computer tomography

MicroCT images of mouse femurs and humeruses
were acquired on a laboratory cone-beam microCT
scanner developed at the Institute of Medical Physics,
University of Erlangen-Nuremberg, Germany, for
ultra-high resolution imaging (ForBild scanner). It
uses a m-Focus X-ray tube (Hamamatsu) and a 2D
cooled CCD detector array (1024 x 1024 elements,
19 pm pitch; Photometrics, USA) with a dynamic range
of 16 bit. The data were processed and analyzed in
Amira (Mercury) and MagNan (BioCom) [41].

Extraction of collagen

Long bones from newborn mice were decalcified in
0.5 M EDTA (pH 7.4) at 4 °C for one week before
sequential extractions. Decalcified bones were
homogenized in PBS and stirred at 4 °C overnight
and centrifuged at 16,000 x g for 30 min. Superna-
tants were removed and pellets were suspended in
0.5 M acetic acid and stirred at 4 °C overnight.
Extracts (acid extract) were collected as superna-
tants after centrifugation at 16,000 x g for 30 min.
The pellets were treated with pepsin (1 mg/ml) in
0.5 M acetic acid at 4 °C overnight and then
centrifuged to separate the supernatant (pepsin
extract). Both extracts were dialyzed against 0.7 M
NaCl in 0.5 M acetic acid to precipitate collagen |.
The resulting precipitates were dissolved in 0.5 M
acetic acid and analyzed on SDS-PAGE. Collagens
from calvaria were extracted with 0.5 M acetic acid.

Electron microscopy

Isolated Tibiae were fixed in 2.5% glutaraldehyde/
2.5% paraformaldehyde/0.1 M sodium cacodylate
buffer (pH 7.4) at 4 °C overnight and then decalcified
in 1.9% glutaraldehyde/0.15 M EDTA/0.06 M sodium
cacodylate buffer (pH 7.4) at 4 °C for one week.
Specimens were postfixed in 2% osmium tetroxide in
0.1 M phosphate buffer, dehydrated in graded alcohol
concentrations, and embedded in epoxy resin
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according to standard protocols. 1 ym semithin
sections for orientation were stained with toluidine
blue. Ultrathin sections were stained with uranyl
acetate and lead citrate and examined with a
transmission electron microscope (LEO 906E; Carl
Zeiss Microscopy, Oberkochen, Germany). Cross
sectional areas of 200—400 collagen fibrils per image
were measured using ImagedJ software in 4-5
sections of each genotype and depicted in nm?
(area) and recalculated in diameter (nm).

In situ hybridization

In situ hybridization was performed using
antisense riboprobes for mouse Lox and Col1at as
described previously [42].

Calvarial osteoblasts

Calvarial osteoblasts were isolated according to
the protocol by [43]. Cells were cultured in a-MEM
containing 10% FBS. Differentiation to mature
osteoblasts was induced by supplementing the
medium with ascorbic acid (50 pg/ml) and 10 mM
B-glycerophosphate. The medium was changed
every 2 days until day 21. Mineralized matrix was
stained with Alizarin red.

For analyses of LOX synthesis and maturation,
osteoblasts were cultured in 6-well plate. At con-
fluency, the cells were washed with PBS twice and the
medium was replaced with serum-free medium con-
taining ascorbic acid and cultured for another 48 h.
Supernatants were harvested, and cells were lysed
with RIPA buffer. The conditioned media and cell
lysates were analyzed by Western blotting. For some of
the experiments, total RNA was isolated from the cells
using RNeasy Plus Mini kit (Qiagen) and analyzed for
Lox RNA by real-time PCR.

Western blot

Long bones and calvaria were homogenized in
liquid nitrogen and extracted in Laemmli's sample
buffer containing 10 mM dithiothreitol at 95 °C for
5 min. Samples were separated on 10% SDS-PAGE
and the blotted onto Immobilon-P membranes
(Millipore). Blots were incubated with rabbit anti-LOX
(Sigma L4669), rabbit anti-mouse fibulin-4 [44]
and anti-C-telopeptide of al chain of collagen |
(LF68, kindly provided by Dr. Fisher) followed by
HRP-conjugated goat anti-rabbit 1gG (BioRad).
Bound antibodies were detected with ECL Plus
Western blotting substrate (Pierce).

Determination of LP and HP, amino acid analysis
and N-terminal sequencing

After freeze-drying and weighing, samples were
hydrolyzed with 6 M HCI at 110 °C for 20 h. The

amount of hydroxyproline and proline was deter-
mined by reverse-phase high performance liquid
chromatography (HPLC) of 9-fluorenylmethyl
chloroformate (Fluka, Buchs, Switzerland)-deriva-
tized amino acids, as described by Bank et al. [45].
Collagen content was calculated assuming 300
residues hydroxyproline per triple helix and a
molecular weight of 300,000 g/mol. For the determi-
nation of the collagen cross-links lysylpyridinoline
(LP) and hydroxylysylpyridinoline (HP), acid-hydro-
lyzed samples were diluted to 50% acetic acid and
injected on an HPLC system equipped with online
sample purification on CC31 cellulose using a
Prospekt solid-phase extractor (Separations, Jasco
Benelux BV, IJsselstein, The Netherlands). The
retained cross-links were eluted from the CC31
material and online chromatographed on a cation
exchange column (Whatman Partisil SCX; Fisher
Scientific, Waltham, MA). Eluting cross-links were
detected by a Jasco fluorometer (model FP-920;
Separations). The PYD/DPD HPLC calibrator
(Metra, Palo Alto, CA) was used as standard. Values
are expressed as total amount of residues per
collagen molecule.

For amino acid analysis the samples were loaded
onto a column packed with Hitachi Custom lon
Exchange Resin equipped on an L-8900 amino acid
analyzer (Hitachi, Japan) after hydrolysis with 6 M
HCI at 110 °C for 24 h. N-terminal sequences were
determined after transfer to Immobilon PSQ
membrane (Millipore) on a Procise Protein Sequenc-
ing system (Applied Biosystems) following the
manufacturer's instructions.

Real-time PCR

RNAs were isolated using RNAeasy plus mini kit
(QIAGEN). Reverse transcription was performed
with random hexamers (Roche) using 0.5 pg total
RNA and SuperScript Il Reverse Transcriptase
(Invitrogen) according to the manufacturer's in-
struction. Real-time PCR was performed on a
CFX96 C1000 Thermal Cycler (BioRad) using
HOT FIREPol EvaGreen gqPCR Mix Plus (Medi-
bena, Vienna, Austria) and the primers listed in
supplemental table.

Miscellaneous materials

Mouse perlecan domain V fragment and BMP-1
were prepared as described [46,47], respectively.
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