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Elastic fiber homeostasis requires lysyl oxidase—like 1

protein
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Jian Zuo? & Tiansen Li!

Elastic fibers are components of the extracellular matrix and
confer resilience'. Once laid down, they are thought to remain
stable?, except in the uterine tract where cycles of active
remodeling occur3. Loss of elastic fibers underlies connective
tissue aging and important diseases including emphysema?-7.
Failure to maintain elastic fibers is explained by a theory of
antielastase-elastase imbalance®, but little is known about the
role of renewal. Here we show that mice lacking the protein
lysyl oxidase-like 1 (LOXL1) do not deposit normal elastic
fibers in the uterine tract post partum and develop pelvic organ
prolapse, enlarged airspaces of the lung, loose skin and vascular
abnormalities with concomitant tropoelastin accumulation.
Distinct from the prototypic lysyl oxidase (LOX), LOXL1
localizes specifically to sites of elastogenesis and interacts with
fibulin-5. Thus elastin polymer deposition is a crucial aspect of
elastic fiber maintenance and is dependent on LOXL1, which
serves both as a cross-linking enzyme and an element of the
scaffold to ensure spatially defined deposition of elastin.
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The main component of elastic fibers is an amorphous polymer com-
posed of the protein elastin, known as tropoelastin in its monomeric
form. Polymerization requires an initial step of oxidative deamination
of lysine residues catalyzed by a lysyl oxidase®. The resulting aldehyde
groups condense spontaneously with adjacent aldehydes or €-amino
groups of peptidyl lysine to form covalent cross-linkages. Lysyl oxidases
are copper-dependent monoamine oxidases secreted by fibrogenic cells
including fibroblasts and smooth muscle cells. Mammalian genomes
have up to five potential LOX family members encoding the prototypic
LOX and LOX-like proteins 1 through 4 (LOXL1, LOXL2, LOXL3 and
LOXL4)?, but their individual roles in elastogenesis remain unclear.
Elastogenesis also requires a scaffolding structure onto which elastin is
deposited. Microfibrils, made up of fibrillins and microfibril-associated
glycoproteins, are thought to serve as a scaffold that guides elastin
deposition!?. Inactivation of genes encoding fibrillin-1 and fibrillin-2
individually indicates that each may be dispensable for elastogene-
sis'12, Elastin binding protein (EBP)!?, fibulin-5 (ref. 14) and an
unspecified lysyl oxidase!® were also reported to associate with elastic

Figure 1 Targeted disruption of LOXL1 in mice. (a) Targeting strategy. The
targeted allele harbors a deletion of exon 1 that removes the translational
initiation codon. DTA, diphtheria toxin expression cassette; neo, neomycin-
resistance gene; WT, wild-type. (b) Identification of targeted ES clones (left)
and mouse genotyping (right) by PCR with the indicated primers (shown in
a). +/+, wild-type; +/—, heterozygous; —/—, homozygous Lox/I7~ mutant.

(c) Immunoblots of adult aorta extracts show complete ablation of LOXL1
expression. Three LOXL1 variants are seen: a band of 64 kDa matching the
predicted full-length form lacking the secretory signal peptide, a band of 67
kDa presumed to be the full-length form with the signal peptide, and a band
of 36 kDa matching the cleavage product retaining the C-terminal conserved
domain?0. The latter interpretation is supported by our observation that this
band was not detected by the antibody to LOXLIN (o-LOXL1N; data not
shown). Immunoblotting shows no compensatory increase of the prototypic
LOX in the Lox/I7~ mutant. Two LOX variants (of 24 kDa and 32 kDa) are
detected in adult aorta. Actin was used as a loading control. +/+, wild-type;
—/—, homozygous Lox/17~ mutant.
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Figure 2 Phenotype of mice lacking LOXL1
(Lox/17"). (a) Pelvic organ prolapse in
Lox/17"- female mice 2 d and 14 d post
partum (PP2 and PP14). Although the
prolapse retracted 14 d post partum,
permanent pelvic descent remained, as
indicated by a large genitourinary bulge.
(b) The vaginal wall in Lox/17~ females who
had had multiple pregnancies was several
times larger that in wild-type (WT) controls.
The uterus was dilated and appeared
translucent. (¢) Airspace enlargement is
visible in the mutant lung on gross
inspection, particularly along the periphery.
(d) Loose and redundant skin in the mutant.
Mice shown in all panels were between 3
and 4 months of age. WT, wild-type.

fibers. Gene targeting studies show that fibulin-5 is required for elastic
fiber development'*16, Disruption of the gene Lox leads to a reduction
in collagen and elastin cross-links and perinatal lethality!718, suggestive
of a role in cross-linking both fibrillar collagens and elastin during
development.

To investigate a possible role for LOXLI in elastogenesis, we ablated
its expression in mice (Fig. 1). LOXL1-deficient mice were viable.
Females were initially fertile but underwent pelvic prolapse 1-2 d post
partum (Fig. 2a). Prolapsed tissues retracted over time but prominent
pelvic descent remained, indicating permanent damage to the pelvic
floor. Inspection of pelvic organs found the uterine cervix stretched to
several times the normal size (Fig. 2b), consistent with a loss of
resiliency. LoxI1~'~ mice of both genders developed enlarged airspaces
of the lung (Fig. 2¢), increased laxity and redundancy of the skin (Fig.
2d), rectal prolapse and intestinal diverticula (data not shown).

We found that LOXL1 was normally present in a stable fibrillar pat-
tern that colocalized with elastic fibers (Fig. 3a) and was fully solubi-
lized only under denaturing conditions (e.g., 6 M urea). Elastic fibers
in the uterine tract were thick, up to 3 um in diameter, and prominent
under Nomarski optics (Fig. 3b). Uterine elastic fibers appeared nor-
mal in Lox!/I~~ females before pregnancy (data not shown). Pregnancy
and birth, however, exposed the inability of the mutant to lay down
normal elastic fibers during connective tissue remodeling. One week

Figure 3 Elastic fiber defect in Lox/I7~ mice. (a) Immunofluorescence
staining for elastin and LOXL1 in the post partum uterus (middle layer of
myometrium is shown). In the wild-type (WT), elastin and LOXL1 colocalized
in a fibrillar pattern. In the mutant, elastin staining was fragmented or
aggregated. (b) Elastic fibers visualized under Nomarski optics and by
immunostaining. Immunostaining for elastin (red) and LOXL1 (green) is
shown only as an merged image (yellow). (¢) Lung sections stained with
hematoxylin and eosin show expanded alveoli in the mutant. (d) Loss of
normal elastic fibers in the mutant skin (lower dermis) as shown by elastin
immunostaining. (e) Elastic laminae of thoracic aorta shows weaker and
diffuse immunostaining for elastin in the mutant. (f) Elastic laminae of
thoracic aorta in the mutant has reduced amorphous elastin polymer shown
by electron microscopy. (g) Immunoblots of total tissue homogenates
detected by an elastin antibody. 72 kDa, elastin monomer (tropoelastin);
144 kDa, elastin dimer. Mice shown in all panels were between 3 and 5
months of age. Actin was used as a loading control. +/+, wild-type; —/—,
homozygous Lox/17"~ mutant. (h) Quantification of desmosine and
hydroxyproline. Values shown are means + s.d. Desmosine was reduced by
40-53% in the postpartum uterus (PPU), lung and skin, but not in the virgin
uterus (VU) of the mutant. No significant differences were found in the
hydroxyproline contents between the wild-type (+/+) and mutant (-/-)
tissues. n=5-10 mice. *P< 0.05; **P< 0.001. WT, wild-type.
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post partum, Lox/1~"~ mice had fragmented elastin polymers as shown
by immunostaining (Fig. 3a). Verhoeff and Hart’s histochemical stain-
ing also indicated loss of elastic fibers. Electron microscopy showed
collagen fibrils to be of comparable abundance and morphology in tis-
sues of wild-type and LoxI1~~ mice (data not shown).

Microscopic examinations found enlarged alveoli in the mutant
lung (Fig. 3¢), indicating emphysematous changes consistent with an
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elastic fiber defect. Elastic fibers in the lower dermis of skin were also
fragmented and reduced (Fig. 3d). Immunostaining for elastin in the
elastic lamina of the aorta was diffuse and weak (Fig. 3e), suggestive of
reduced and imprecise elastin polymer deposition. This suggestion
was supported by ultrastructural examinations showing disorganized
elastin core (Fig. 3f). Immunoblots showed that tropoelastin accumu-
lated in multiple adult tissues, often with a concomitant reduction in
cross-linked intermediate (Fig. 3g). In older post partum uterine tis-
sues, the elastin polymerization defect was much more pronounced
than in young (30-d-old) virgin uterine tissues (Fig. 3g), indicating
that the requirement for LOXL1 in the redeposition of elastin polymer
increases through the reproductive cycle. These data also indicate that
new elastin polymer deposition may continue in wild-type adult tis-
sues but is arrested by the loss of LOXLI. A selective role for LOXL1 in
elastin but not collagen metabolism is supported by measurements of
desmosine and hydroxyproline (Fig. 3h), which represent elastin and
collagen cross-links, respectively. Desmosine levels were significantly
lower in multiple Lox!I~/~ tissues than in corresponding wild-type tis-
sues, whereas hydroxyproline levels remained unchanged.

LOXLI is closely related to the prototypic LOX, and both are widely
expressed. Although no difference in substrate selectivity was detected
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Figure 4 Differential localization of LOXL1 and LOX in relation to elastic
fibers. Double labeling for elastin and LOXL1 or LOX in cross-sections of the
aorta (a), lower dermis of skin (b) and myometrium layer of uterus (c).

in vitro, the inability of LOX to compensate for LOXL1 and the largely
nonoverlapping phenotypes of the gene-ablated mutants'”!8 are sug-
gestive of functional differences in vivo. By immunolocalization using
monospecific antibodies, LOXL1 was closely associated with the elastic
lamina whereas LOX was broadly distributed (Fig. 4a). In the skin
(lower dermis; Fig. 4b) and the uterus (myometrium; Fig. 4c), we
found LOXLLI fully overlapping with elastic fibers, whereas LOX was
diffusely distributed. These data indicate that LOXL1, but not LOX, is
specifically targeted to sites of elastogenesis. Thus, LOXL1 seems to
function primarily to guide elastin deposition in a spatially defined
manner, a prerequisite for the formation of functional elastic fibers.
The localization pattern of LOX, on the other hand, seems consistent
with a role in cross-linking both collagens and elastin!”-!8.

To determine the molecular interactions that could account for the
targeting of LOXLI to the scaffold of elastogenesis, we carried out
protein interaction screens using the yeast two-hybrid system. With
LOXLLI as a bait, we found fibulin-5 to be a potential interacting
partner. Further analyses showed that a region immediately N-ter-
minal to the catalytic domain (L3) of LOXLI interacted with the C-
terminal portion (F3) of fibulin-5 (Fig. 5a). Their physical
interaction in vitro was confirmed using pull-down assays (Fig. 5b).
Coimmunoprecipitation of fibulin-5 with LOXL1 from tissue extracts
(Fig. 5¢) indicated an in vivo interaction. In cell culture, LOXL1 and
fibulin-5 colocalized in a perinuclear compartment in transiently
transfected COS-7 cells (data not shown) and in extracellular deposits
produced by vascular smooth muscle cells (Fig. 5d). In tissue sections,
LOXLI and fibulin-5 colocalized in a fibrillar pattern that also fully
overlapped with elastin immunostaining (Fig. 5e). Loss of fibulin-5
abolished the fibrillar staining pattern of LOXL1, but not vice versa
(Fig. 5e). These observations indicate that fibulin-5 may localize to
sites of elastogenesis independent of LOXLI1 and that fibulin-5 might
be responsible for tethering LOXL1 to these sites. LOXL1, on the other
hand, seems to stabilize the fibrillar form of fibulin-5 as indicated by
the increased solubility of fibulin-5 in absence of LOXL1 (Fig. 5f). The
increased solubility of fibulin-5 may be due to disruption of elastin
polymer in the LOXL1 mutant tissues. Loss of LOXLI also increased
the soluble fraction of EBP, a protein known to associate with elastic
fibers. Fibrillin-1 and fibrillin-2, components of microfibrils, were
only partially affected by the loss of LOXL1 (Fig. 5f), consistent with
the fact that not all microfibrils are associated with elastic fibers.

Further support comes from the similarity between the two mutant
mouse models, both of which show specific defects in elastogenesis. In
general, elastic fiber defect manifests earlier in the fibulin-5 mutant
than in the LOXLI mutant. For example, a 1 d-old fibulin-5 mutant
showed tortuosity of the aorta, which was not seen in an age-matched
LOXL1 mutant (data not shown). Young (30 d-old) LOXL1 mutant
mice had abundant elastic fibers in their uterine tract and skin, as
shown by elastin immunostaining, whereas young fibulin-5 mutant
mice had few elastic fibers in these tissues. Although a role for LOXL1
in elastic fiber development could not be ruled out, these phenotypic
differences are consistent with the idea that the elastic fiber defect seen
in the LOXL1 mutant can be attributed, at least in part, to a defect in
elastic fiber renewal in adult tissues.

We present a model to illustrate how LOXL1 might function dur-
ing elastic fiber renewal (Fig. 5g). Binding of fibulin-5 to both
tropoelastin'* and LOXLI brings the enzyme and substrate into jux-
taposition for efficient and spatially restricted polymer formation.
LOXLI converts tropoelastin into a lysyl-deaminated form, and the
‘activated’ tropoelastin associates with one another or deposits onto
the existing polymer through coacervation!®, followed by sponta-
neous covalent cross-linking. This allows addition of elastin polymer
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at the interface next to the scaffold. LOXL1 binding to fibulin-5 may
also have a regulatory role, given that cleavage of the N-terminal por-
tion of LOXLI activates its activity in vitro?%, yet LOXLI is present
predominantly in the full-length form in vivo.

This study shows that LOXLI has a generalized, nonredundant role
in elastic fiber homeostasis in adult tissues. We speculate that genetic
defects in human LOXLI may lead to clinical syndromes resembling
generalized elastolysis affecting skin, lung, large arteries and other
organs (e.g., cutis laxa type I; OMIM 219100). Our data also show an
unexpected, causal link between elastic fiber homeostasis and pelvic
prolapse, a clinical condition strongly correlated with both childbirth
and advanced age?!=?3. Elastin polymer and soluble elastin-derived
peptides also have signaling roles in cell adhesion, migration and pro-
liferation>?4, Thus, the combination of loss of elastin polymer and
accumulation of tropoelastin may have additionally contributed to the
histopathologic changes seen in the LOXL1 mutant mice.

Diseases characterized by loss of elastic fibers, such as emphysema,
are usually viewed in terms of an imbalance between elastases and
their inhibitors®?>2°, Given our finding that LOXLI-dependent
elastin polymer deposition has an active role in elastic fiber home-
ostasis, this theory might be updated to include an imbalance
between degradation and renewal as well. According to this view,
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LOXLI1 could be a second target, after elastases, affected by factors
that promote elastic fiber loss.

METHODS

Gene targeting. We amplified genomic fragments flanking exon 1 of the LoxI1
gene from 129/Sv mouse DNA by PCR. We cloned these fragments into the
pGT-N29 vector on either side of the neomycin-resistance gene. The targeting
vector also contained a diphtheria toxin expression cassette as a negative-selec-
tion marker (Fig. 1a). We linearized the targeting vector and electroporated it
into R1 embryonic stem (ES) cells. We identified multiple targeted ES clones by
PCR (Fig. 1b), microinjected targeted clones into C57BL/6 blastocysts and
crossed the chimeras with C57BL/6 mice. We identified mice heterozygous or
homozygous with respect to the targeted allele by PCR (Fig. 1b). Primer
sequences are available on request. Homozygous fibulin-5-mutant mice have
been described'*. The animal care and use committee of the Massachusetts Eye
& Ear Infirmary approved all animal protocols.

Antibodies, immunoblotting and immunofluorescence. We generated two
polyclonal antibodies to LOXLI and one antibody to LOX by immunizing
rabbits with His-tagged recombinant proteins (sequences in GenBank; see
accession numbers below). Antibody to LOXLIN (spanning amino acid
residues 175-313 of mouse LOXL1) is unique to LOXL1 but does not recog-
nize the cleavage product (36 kDa; Fig. 1¢). Antibodies to LOXL1C (spanning
residues 313—-607) and to LOX (spanning residues 204-411 of mouse LOX)
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Figure 5 /n vitro and in vivo interaction between LOXL1 and fibulin-5. (a) Protein interaction screen by yeast two-hybrid analyses. The maximal interaction
domains reside in regions L3 and F3. S, secretory signal sequence. (b) GST pull-down assay showing in vitro direct interaction between fibulin-5 and LOXL1.
Input, 16% of eluate. (c) Coimmunoprecipitation of fibulin-5 with LOXL1 in lung extracts, suggestive of interaction in vivo. Input, 50% of eluate.

(d) Colocalization of LOXL1 and fibulin-5 in extracellular matrix deposited by a cultured vascular smooth muscle cell line (PAC-1). The two proteins are found
together in fibrillar and dot patterns. (e) Double labeling for elastin and fibulin-5 or for LOXL1 and fibulin-5 in wild-type (WT) and mutant mouse tissue
sections. Fbin57-, fibulin-5 mutant. Sections from lower dermis are shown, but results from uterine tissues are comparable. (f) Immunoblot analyses of
elastic fiber—associated proteins from wild-type (+/+) and LoxI17~ (~/-) uterine tissues. PBS, tissue extracts with PBS; urea, tissue extracts with 6 M urea
after PBS extraction. Fibulin-5 and EBP in the mutant were mostly shifted to the soluble fraction (PBS extractable) from an insoluble fraction (urea
extractable). In the rightmost panel, a band of 67 kDa (arrowhead) represents EBP. The identity of a smaller (59-kDa) protein is uncertain, but it was
previously found in uterus and may be a smaller EBP isoform30. (g) A simplified model for the role of LOXL1 in elastogenesis. Possible tissue-specific
variations and partial functional redundancies are not considered. The nature of the interaction between fibulin-5 and microfibrils remains unclear.

TE, tropoelastin. The N-terminal unique region of LOXL1 binds to fibulin-5. C, C-terminal domains.
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encompassed the C-terminal region conserved among LOX family members.
To obtain antibodies that were monospecific, we put affinity-purified anti-
bodies to LOXL1C and to LOX through columns containing the respective
homologous proteins immobilized on agarose beads (AminoLink Plus,
Pierce). Fibulin-5 antibody (BSYN1923) made in rabbits was described previ-
ously!. The following antibodies to elastin, fibrillin-1 and fibrillin-2 were
from Elastin Products Company: PR385 (rabbit antibody to mouse elastin,
exons 6-17); PR387 (rabbit antibody to mouse elastin, exons 31-36); RT675
(goat antibody to rat elastin) used for double labeling of elastin with LOXLI,
LOX or fibulin-5; PR210AP (rabbit antibody to fibrillin-1); PR225 (rabbit
antibody to fibrillin-2). EBP antibody (EBP2112)° was a gift from A. Hinek
(The Hospital for Sick Children, Toronto, Canada). We carried out
immunoblotting and immunofluorescence staining of unfixed cryosections
as described?’. Secondary antibodies conjugated to Alexa 488 (green) and
Alexa 594 (red) were from Molecular Probes. To obtain double labeling for
LOXL1 and fibulin-5, we tagged LOXL1 antibody with biotin using the Mini-
Biotin protein labeling kit (Molecular Probes) and detected it with fluo-
rochrome-conjugated streptavidin. For immunoblotting, we used total tissue
homogenates to detect soluble elastin (monomer and dimer) probed with
antibody PR385. Unless otherwise noted, we extracted tissues first with phos-
phate-buffered saline (PBS) and then with 6 M urea, and used the urea
extracts for immunoblotting analysis of LOXLI and LOX.

Yeast two-hybrid screens. We used the Matchmaker system 3 (Clontech)
for yeast two-hybrid screens as previously described?’. An adult rat lung
library in the pACT2 vector was from Clontech. The initial library screen
used the full-length LOXLI as the bait. To determine the interacting
domains, we prepared a series of deletion constructs (Fig. 5a) and tested
them by cotransformation in yeast.

Cell cultures. We inserted full-length cDNAs encoding fibulin-5 and LOXL1
(without the signal peptide sequences) into pcDNA3 and the pEGFP-C2 vec-
tors, respectively. After transient transfection in COS-7 cells, recombinant pro-
teins were visualized with the aid of the EGFP tag and by staining with the
fibulin-5 antibody. To examine colocalization of LOXL1 and fibulin-5 in the
extracellular matrix, we cultured a rat arterial smooth muscle cell line (PAC-1)
known to deposit extracellular matrix material?® and carried out double-label-
ing immunofluorescence for LOXLI and fibulin-5.

Light and transmission electron microscopy. We fixed mouse tissues in 4%
formaldehyde and embedded them in paraffin. The trachea and lungs were
removed together and fixed under 20 cm water pressure. We carried out histo-
chemical (Verhoeff and Hart’s stain) staining and histologic examinations of
multiple tissues on paraffin-embedded sections. For electron microscopy, we
fixed tissues in 2.5% glutaraldehyde, 1% formaldehyde in sodium cacodylate
buffer and embedded them in Epon.

Glutathione S-transferase (GST) pull-downs and coimmunoprecipitation.
We inserted the L3 and F3 coding sequences (Fig. 5a) into pET-28a and pGEX-
4T1 vectors, respectively, and used purified soluble fractions for the GST pull-
down assay. We used Glutathione Sepharose 4 Fast Flow beads (Pharmacia) to
pull down GST and GST-L3, and probed inputs and eluates with antibody to
T7 Tag conjugated to horseradish peroxidase (Novagen) and chicken antibod-
ies to GST on immunoblots. For coimmunoprecipitation, we extracted wild-
type mouse lungs with 4 M urea, dialyzed the supernatant overnight at 4 °C
against PBS and carried out immunoprecipitation with antibody to LOXL1C
and protein G—agarose.

Desmosine and hydroxyproline analysis. We carried out these assays as
described®.

GenBank accession numbers. LOXL1 protein, AAK97375; LOX protein,
AAH18439.
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