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Abstract
Lysyl oxidases (EC 1.4.3.13, protein-lysine 6-oxidases) are extracellular copper enzymes that initiate
the cross-linking of collagens and elastin by catalyzing oxidative deamination of the ε-amino group
in certain lysine and hydroxylysine residues. The cross-links formed are responsible for the tensile
strength of collagen fibers and the unique elastic properties of elastin.
Three human lysyl oxidase isoenzymes, lysyl oxidase (LOX), lysyl oxidase-like protein (LOXL),
and lysyl oxidase-like 2 protein (LOXL2), have been identified and characterized so far. Two
additional human lysyl oxidase isoenzymes, lysyl oxidase-like 3 (LOXL3) and lysyl oxidase-like 4
(LOXL4), proteins were identified, cloned, and partially characterized in this study. Both
polypeptides showed a high degree of overall similarity to each other and to the LOXL2 polypeptide,
whereas the two polypeptides showed a significant similarity to LOX and LOXL only in the Cterminal region, which contains all amino acid residues thought to be needed for the catalytic activity
of the LOX enzyme. The LOXL3 gene is expressed in several tissues, the highest expression levels
being in the placenta, heart, ovary, testis, small intestine, and spleen. The LOXL4 gene is likewise
expressed in most human tissues studied, the highest levels being seen in the skeletal muscle, testis,
and pancreas. Both polypeptides were shown to be secreted extracellular proteins.
The role of the first described LOX isoenzyme was studied by inactivating its gene in mice. Most
Lox-/- embryos died at the end of gestation, and the few live-born pups were cyanotic and died within
a few hours, autopsy revealing large aortic aneurysms. Light microscopy demonstrated structural
abnormalities in the aortic walls of Lox-/- embryos, and further analysis by electron microscopy
showed highly fragmented elastic fibers, discontinuity in the smooth muscle cell layers, and
endothelial cell damage. Doppler ultrasonography of Lox-/- embryos in utero revealed multiple signs
of cardiovascular dysfunction, which contributed to the early death of the Lox-/- mice. The results
indicate that Lox has an essential role in the development and function of the cardiovascular system
and that this role cannot be replaced to any significant extent by other lysyl oxidase isoenzymes.
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1 Introduction
Cells are the basic units of all living organisms. In multicellular organisms, cells are
surrounded by several structural and functional proteins which are arranged as a large
heterogenous network, the extracellular matrix. It consists of numerous compounds
including insoluble fibers, microfibrils, soluble proteins, and glycoproteins. The
extracellular matrix is essential for providing mechanical and physiological properties for
various tissues, and it also provides attachment sites for the anchoring of cells and
support for their migration in tissues.
Collagens are the most abundant proteins in the human body and they provide most of
the tensile strength needed in several tissues. However, proper functioning of numerous
tissues such as the skin, lungs, and vessels also requires elastic properties. This resiliency
is provided mainly by elastic fibers, in which the main component is a protein called
elastin. The mechanical and physiological properties of the insoluble fibers formed by the
two proteins, collagens and elastin, are highly dependent on covalent cross-links, which
stabilize their fibrillar structures and enhance their resistance to proteolysis. These crosslinks are the final products of a reaction which is initiated by the oxidation of certain
lysine and hydroxylysine residues. This reaction is accomplished by extracellular copperdependent enzymes, lysyl oxidases.
In the present study, two of the five known human lysyl oxidase isoenzymes were
identified and partially characterized at the molecular level. These new enzymes were
named lysyl oxidase-like 3 protein (LOXL3) and lysyl oxidase-like 4 protein (LOXL4)
based on their high degree of similarity to the already known three lysyl oxidase
isoenzymes. The LOXL3 and LOXL4 gene products were shown to be secreted
extracellular proteins. In addition to these new isoenzymes, mice lacking the first
described lysyl oxidase isoenzyme (Lox) were generated to obtain information on the
function of this isoenzyme. Lox was found to be essential for proper cardiovascular
function, and depletion of its activity resulted in perinatal death in this mouse model.

2 Review of the literature
2.1 Collagens and elastin
2.1.1 The collagen family of proteins
Collagens form a multigene family with at least 39 members, the genes for which are
known to be dispersed throughout at least 15 chromosomes. Collagens are structural
proteins of the extracellular matrix, and are the most abundant proteins in the mammalian
body. Collagen molecules consist of three identical or dissimilar polypeptide chains,
called α chains, and contain at least one triple-helical collagenous domain with repeating
(Gly-X-Y)n sequences, i.e. a glycine residue as every third amino acid, with the frequent
presence of proline and 4-hydroxyproline in the X and Y positions, respectively. In
addition to the actual collagenous domains, all collagens also contain noncollagenous
domains. Most collagen molecules form supramolecular assemblies, and the superfamily
can be divided into nine different families based on their polymeric structures or other
features: collagens that forms fibrils (types I-III, V and XI); collagens that are located on
the surface of fibrils and are called fibril-associated collagens with interupted triple
helices (FACIT and structurally related collagens, types IX, XII, XIV, XVI, XIX, XX and
XXI); collagens that form hexagonal networks (types VIII and X); the family of type IV
collagens found in basement membranes; type VI collagen that forms beaded filaments;
type VII collagen that forms anchoring fibrils for basement membranes; collagens with
transmembrane domains (types XIII and XVII); and the family of type XV and XVIII
collagens. For references and more thorough reviews, see Byers (2001) and Myllyharju &
Kivirikko (2001). For detailed information about recently found type XX and XXI
collagens, see Koch et al. (2001) and Fitzgerald & Bateman (2001), respectively.
The biosynthesis of the precursors of fibrillar collagens, called procollagens, involves
a number of posttranslational modifications. The intracellular modifications require five
specific enzymes: three collagen hydroxylases (Kivirikko & Pihlajaniemi 1998, Kivirikko
& Myllyharju 1998) and two collagen glycosyltransferases (Kivirikko & Myllylä 1979,
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Kivirikko 1993, Prockop & Kivirikko 1995). Once outside the cells, the procollagen
molecules undergo proteolytic conversion to collagen molecules. The collagen molecules
form fibrils and interact with noncollagenous and collagenous proteins, and the fibrils are
stabilized by the formation of intra- and intermolecular cross-links. These extracellular
modifications of collagens require two specific proteinases to cleave the N- and Cterminal propeptides (Prockop et al. 1998) and specific oxidases to convert certain lysine
and hydroxylysine residues to their reactive aldehydes. These oxidases will be discussed
in detail in the next sections.

2.1.2 Elastin
Elastin is the most important component of the elastic fibers found in the extracellular
matrix and provides elasticity and resilience to tissues requiring the ability to deform
repetitively and reversibly. Ultrastructurally, elastin fibers consist of two major elements:
an amorphous component made up of elastin and fibrillar components called microfibrils,
which serve as a scaffold for the incorporation of elastin into the amorphous component
(Cleary & Gibson 1996). Elastin is an extremely insoluble protein due to extensive crosslinking at lysine residues, and it is amongst the most hydrophobic proteins known. In
higher vertebrates, including humans, over 30% of amino acid residues in elastin are
glycine residues, and approximately 75 % of the entire sequence is made up of just four
hydrophobic amino acids - glycine, valine, alanine, and proline. Tissues rich in elastin
include the aorta and large blood vessels (28-32% of the dry mass), lungs (3-7%), elastic
ligaments (50%), tendons (4%), and skin (2%) (Vrhovski & Weiss 1998, Debelle &
Tamburro 1999).
Tropoelastin, the precursor of elastin, is encoded by a single gene located on
chromosome 7q11 in humans and has at least 11 variants due to alternative splicing of the
transcripts (Vrhovski & Weiss 1998). Tropoelastin undergoes only minor posttranslational modifications, and there is no evidence of glycosylation. Hydroxylation of
proline residues occurs to a variable extent, 0-20%, but this hydroxylation is not
necessary for the synthesis of the elastic fibre (Vrhovski & Weiss 1998). After translation
of tropoelastin, a 67 kDa elastin-binding protein becomes bound to tropoelastin, acting as
a chaperone and preventing premature intracellular aggregation of tropoelastin molecules.
This association lasts until the complex has been secreted into the extracellular space,
where the elastin-binding protein interacts with galactosugars of the microfibrils. At this
point the affinity of the elastin-binding protein for elastin decreases dramatically, leading
to the release of the tropoelastin molecule into the microfibrilar scaffold (Hinek &
Rabinovitch 1994). Before tropoelastin is assembled into the amorphous component of
the elastic fiber, it becomes covalently cross-linked by lysyl oxidase, which has been
found to be associated with microfibrils (Kagan et al. 1986, Cleary & Gibson 1996). For
references and more thorough reviews of elastin and the elastic fiber, see Rosenbloom
(1993), Cleary & Gibson (1996), Vrhovski & Weiss (1998) and Debelle & Tamburro
(1999).
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2.2 Cross-links in collagens and elastin
In spite of the major structural differences between collagens and elastin, both proteins
contain lysine or hydroxylysine-derived covalent cross-links, the formation of which is
catalyzed by the family of lysyl oxidase enzymes. The locations of these cross-links
depend on the amino acid sequence and quaternary structural arrangements, but may also
be quite flexible (Siegel 1974, Kagan et al. 1984, Nagan & Kagan 1994, for reviews, see
Kielty et al. 1993 and Smith-Mungo & Kagan 1998). Lysyl oxidases oxidatively
deaminate certain lysine and hydroxylysine residues in collagens and lysine residues in
elastin to form the corresponding α-aminoadipic-δ-semialdehydes, usually referred to by
their trivial names as allysine and hydroxyallysine (Figure 1) (Pinnell & Martin 1968,
Kagan 1986, Reiser et al. 1992, Kielty et al. 1993, Kagan 1994, Bateman et al. 1996,
Cleary & Gibson 1996).

Fig. 1. Lysyl oxidase oxidatively deaminates a peptidyl lysine to generate a peptidyl αaminoadipic-δ
δ-semialdehyde (allysine), which spontaneously reacts with corresponding
aldehydes to form various di-, tri-, or tetrafunctional cross-links (Kagan 1986).

In collagens, the lysine and hydroxylysine-derived cross-links are essential in
providing the tensile strength and mechanical stability of the collagen fibrils and other
supramolecular assemblies (Light & Bailey 1980, Bateman et al. 1996, Bailey 2001).
Two related cross-linking pathways can be distinguished for collagens because the
oxidations are restricted to two specific lysine and hydroxylysine residues, one in each of
the N- and C-terminal telopeptide sequence (see Figure 2A) (Eyre et al. 1984, Kagan
1986, 1994, Reiser et al. 1992, Kielty et al. 1993). The lysine aldehyde pathway occurs
primarily in the adult skin, cornea, and sclera (Eyre 1987), whereas the hydroxylysine
aldehyde pathway occurs primarily in the bone, cartilage, ligament, tendons, embryonic
skin, and most major internal connective tissues of the body (Kielty et al. 1993).
Oxidative deamination is followed by spontaneous condensation reactions that result in
various bi-, tri-, and tetrafunctional cross-links (Figure 2A). Lysine- and hydroxylysinederived aldehydes can react with corresponding aldehydes on adjacent polypeptide chains
forming aldol condensation products, or with unmodified lysine and hydroxylysine
residues, forming bifunctional cross-links, such as lysinonorleucine and
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hydroxylysinonorleucine. The aldol condensation products can also react with a histidine
residue to form aldol histidine, which may further react with an additional lysine residue
to form the tetrafunctional cross-link histidinohydroxymerodesmosine (Reiser et al.
1992). In the hydroxylysine pathway, the bifunctional cross-links spontaneously undergo
an Amadori rearrangement, resulting in ketoimine cross-links, which then mature further
into trifunctional 3-hydroxypyridinium and lysyl pyridinium cross-links (Reiser et al.
1992, Bailey et al. 1998, Byers 2001).

Fig. 2. Reactions of lysine and hydroxylysine in the biosynthesis of the cross-links in collagens
(A) and elastin (B). After oxidative deamination to form reactive aldehydes, subsequent
condensation reactions result in various bi-, tri-, and tetrafunctional cross-links. To simplify,
intermediates in the reactions are not shown.
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The most important feature of elastin, crucial for its proper functioning in elastic
fibers, is the high degree of cross-linking of the individual polypeptide chains (Kielty et
al. 1993). Approxymately 30 of the 40 lysine residues per 1000 amino acids present in
tropoelastin, the precursor of elastin, are oxidated to aldehydes (Eyre et al. 1984, Kagan
1986, 1994, Reiser et al. 1992, Rosenbloom 1993, Rosenbloom et al. 1993). Tropoelastin
differs from collagens in that it has no hydroxylysine or histidine residues, and therefore
only lysine-derived cross-links are found in mature elastin (Rosenbloom 1993). In
addition, certain condensation products, such as desmosines and isodesmosines, are
specific for elastin and are not found in collagens (Reiser et al. 1992, Kielty et al. 1993,
Rosenbloom 1993). The cross-links in elastin are otherwise formed in a similar manner as
those in collagens (see Figure 2B). Two allysines can form an aldol condensation product,
and one allysine can form lysinonorleucine with an unmodified lysine residue. Aldol
condensation of the product with an unmodified lysine residue results in the trifunctional
merodesmosine. Further condensation of a dehydrated aldol condensation product with
dehydrolysinonorleucine, or reaction of merodesmosine with allysine results in the
tetrafunctional desmosine and isodesmosine cross-links (Reiser et al 1992, Rosenbloom
1993).

2.3 The lysyl oxidase isoenzyme LOX
2.3.1 Molecular properties
Lysyl oxidase enzyme (LOX, protein-lysine 6-oxidase, EC 1.4.3.13) was initially
believed to be of one type only. Studies on this enzyme were seriously limited for a long
time by its marked insolubility and aggregation tendency. A major breakthrough for
studies on lysyl oxidase was the discovery that the enzyme can be subsequently
solubilized by using buffers containing 4-6 M urea, and its activity can be recovered by
the removal of the urea (Narayanan et al. 1974). Lysyl oxidase was then purified from
several different tissues and organisms, including chick cartilage (Stassen 1976), bovine
aorta (Kagan et al. 1979, Cronlund & Kagan 1986) and lung (Cronlund & Kagan 1986),
human placenta (Kuivaniemi et al. 1984), and piglet skin (Shackleton & Hulmes 1990).
The molecular mass of the enzyme from all those sources was found to be approximately
32 kDa. Interestingly, lysyl oxidase extracted from several tissues resolved upon DEAE
chromatography into multiple forms (Kagan 1986). Furthermore, at least four forms
obtained from chick cartilage (Stassen 1976) and human placenta (Kuivaniemi et al.
1984) had similar substrate specifities, amino acid compositions, and molecular masses
of approximately 32 kDa (Kagan 1986). These findings suggested the existence of
alternatively spliced or other forms of a single lysyl oxidase, or the presence of
isoenzymes with similar but not identical properties.
The lysyl oxidase isoenzyme LOX has now been cloned from rat (Trackman et al.
1990, 1991), human (Hämäläinen et al. 1991, 1993, Mariani et al. 1992), chick (Wu et al.
1992), and mouse (Contente et al. 1993) tissues. The mRNA for human LOX is found as
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multiple species with sizes of 5.5, 4.3, 2.4, and 2.0 kb due to the use of alternate
polyadenylation sites, and partially to the existence of multiple transcription initiation
sites (Hämäläinen et al. 1991, Mariani et al. 1992, Boyd et al 1995). The biological
relevance of these transcripts, however, is unknown. The human LOX gene is located on
chromosome 5q23.3-31.2 (Hämäläinen et al. 1991, 1993, Mariani et al. 1992, Boyd et al.
1995) and encodes a 417 amino acid polypeptide, of which the first 21 residues
correspond to the signal peptide (Hämäläinen et al. 1991, Mariani et al. 1992). The
mouse Lox gene has been mapped to chromosome 18 (Mock et al. 1992, Chang et al.
1993, Contente et al. 1993).

2.3.1.1 Biosynthesis and processing of the LOX precursor
The LOX protein is known to be secreted into the extracellular space (Layman et al.
1972, Byers et al. 1980, Royce et al. 1980, Peltonen et al. 1983, Kuivaniemi et al.
1986a). The transport through the Golgi and to the cell membrane probably takes place in
vesicles formed by budding of, and fusion with, the subcellular membranes (Kosonen et
al. 1997, Rucker et al. 1998). The first evidence for the biosynthesis of a LOX
proenzyme was obtained by immunoprecipitation of a 46 kDa cell-free translation
product of a rat smooth muscle cell LOX mRNA, using an antibody directed against the
32 kDa bovine enzyme (Trackman et al. 1990, 1991), and a 48 kDa product, using
mRNA isolated from fibrotic rat liver (Wakasaki & Ooshima 1990a). Three forms of
LOX with molecular masses of 50, 45, and 32 kDa were identified by immunoprecipation
of media and cell layer extracts of cultured rat smooth muscle cells, which were pulselabelled with [35S]methionine (Trackman et al. 1992). The 50 kDa fragment was found
both as a secreted protein in the cell medium and in the intracellular fraction, and pulsechase studies revealed that it is converted to a 32 kDa protein in the medium. This 50 kDa
fragment was found to be an N-glycosylated derivative of the 45 kDa proprotein
(Trackman et al. 1992). Procollagen C-proteinase cleaves the 50 kDa precursor between
Gly-168 and Asp-169 (numbered according to the human sequence) to yield the nonglycosylated 32 kDa mature enzyme (Figure 3) (Cronshaw et al. 1995, Panchenko et al.
1996). In mammals, procollagen C-proteinase activity is provided by products of the
BMP1 gene, which encodes the alternatively spliced mRNA species for bone
morphogenetic protein 1 (BMP-1), and mammalian tolloid (mTLD) (Takahara et al.
1994). The BMP1 gene is a member of a multigene family including two genetically
distinct mammalian tolloid-related proteinases, tolloid-like 1 (mTLL-1) and tolloid-like 2
(mTLL-2). BMP-1, mTLD, and mTLL-1 all have procollagen C-proteinase activity,
however, their substrate specificites vary. Recently, Uzel et al. (2001) demonstrated that
BMP-1, mTLD, mTLL-1, and mTLL-2 all process the 50 kDa LOX precursor and control
its activation in mouse embryo fibroblasts. In vitro assays with purified recombinant
enzymes showed that all four proteinases productively cleaved the LOX precursor at the
correct physiological site. However, BMP-1 was 3-, 15-, and 20-fold more efficient than
mTLL-1, mTLL-2, and mTLD, respectively (Uzel et al. 2001). Fibroblasts from Bmp1
and Tll1 null mice produced both the 50 kDa LOX precursor and the processed LOX
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enzyme at similar levels, indicating apparently normal processing. In contrast, double
null Bmp1/Tll1 cells produced predominantly the unprocessed 50 kDa precursor and had
a 70% reduction in lysyl oxidase activity when compared to wild-type, Bmp1-null and
Tll1-null fibroblasts. These results suggest that BMP-1/mTLD and mTLL-1 are
responsible for the majority of LOX precursor processing into the active LOX enzyme, at
least in murine embryonic fibroblasts. In addition, BMP-1 may be able to regulate the
LOX activity through the processing event (Uzel et al. 2000).

Fig. 3. Pathway for LOX biosynthesis. The LOX precursor enters into the rough
endoplasmic reticulum where its signal peptide is cleaved. The precursor is glycosylated
within the endoplastic reticulum at an Asn residue located in the propeptide region. The
addition of copper (Cu2+) and the formation of lysine tyrosylquinone (LTQ) cofactor (which
are discussed in Section 2.3.2.1) may occur in the endoplastic reticulum or during protein
trafficking through the Golgi elements. After secretion of the LOX precursor into the
extracellular space, the propeptide region is cleaved by procollagen C-proteinase (PCP)
between Gly-168 and Asp-169 to obtain an active 32 kDa enzyme. Molecular masses of LOX
polypeptide are indicated according to rat LOX enzyme (see Trackman et al. 1990, 1991,
1992).
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2.3.2 Catalytic properties
2.3.2.1 Cofactors
Direct evidence that copper is a component of LOX was obtained from enzymes isolated
from chick bone (Iguchi & Sano 1985, Iguchi et al. 1990), chick aorta (Harris et al.
1974), and bovine aorta (Gacheru et al. 1990). Atomic absorption spectroscopic studies
have demonstrated that approximately one tightly bound copper atom is present in the 32
kDa LOX monomer. Removal of the copper ion leads to a catalytically inactive
apoenzyme. Electron spin resonance studies have indicated that the copper in the resting
enzyme is in the Cu(II) state, and is bound in a tetragonally distorted, octahedrally
coordinated ligand field (Gacheru et al. 1990). The sequence WEWHSCHQHYH in
human has been suggested to be the actual copper-binding region, which provides four
histidine residues that are involved in the copper-binding coordination complex (Krebs &
Krawetz 1993). In addition to the tightly bound Cu ion, purified LOX preparations have
been shown to contain 5-9 atoms of loosely bound copper per enzyme molecule (Gacheru
et al. 1990). Experiments in a cell free transcription/translation system in vitro have
shown that the unprocessed 50 kDa LOX precursor binds copper (Kosonen et al. 1997).
Further information of a post-translational incorporation of copper into LOX was
obtained using skin fibroblasts incubated with different inhibitors of post-translational
modifications, together with carrier-free 67Cu. When protein synthesis was inhibited with
cycloheximide, only minor amounts of copper (bound to LOX) were found in the
medium of cultured skin fibroblasts, indicating the importance of protein synthesis for the
incorporation of copper into the enzyme. In contrast, inhibition of N-linked glycosylation
with tunicamycin had no effect on secretion of the copper that was bound to LOX.
Inhibition of processing of the 50 kDa LOX precursor into its 32 kDa active form with a
procollagen C-proteinase inhibitor had no apparent effect on the amount of copper that
was bound to LOX in the cell media (Kosonen et al. 1997). This observation was in
agreement with earlier data by Kagan et al. (1995), which demonstrated that the
propeptide region is not essential to the folding and secretion of the functional enzyme.
However, when the assembly of secretory vesicles was inhibited with brefeldin A, the
secretion of copper bound to LOX was inhibited (Kosonen et al. 1997), thus indicating
that copper is incorporated into lysyl oxidase in the endoplastic reticulum or during
protein trafficking through the Golgi elements (see Figure 3) (Kosonen et al. 1997,
Rucker et al. 1998).
In additon to copper, LOX was long known to contain a covalently bound carbonyl
prosthetic group (Levene 1961, Williamson et al 1986a, Williamson et al. 1986b, see
Kagan 1986, 1994, Smith-Mungo & Kagan 1998 for reviews). However, the nature of
this carbonyl group remained unknown for several decades. Knowledge obtained from
other members of copper amine oxidases and their cofactors played an essential role in
studies leading to the identification of the carbonyl cofactor (Klinman 1996). The
cofactor of one of these family members similar to LOX, namely bovine plasma amine
oxidase, was initially identified as pyrrolequinoline (PQQ) (Lobenstein-Verbeek et al.
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1984). Comparison of the resonance Raman spectra of a proteolytic peptide obtained
from LOX with the corresbonding spectrum of bovine plasma amine oxidase suggested
that the cofactor in lysyl oxidase resembles PQQ (Williamson et al 1986b). However,
strong evidence was presented later, indicating that the true carbonyl cofactor in bovine
plasma amine oxidase is in fact topa quinone (TPQ) (Janes et al. 1990). Because TPQ is
found in a wide range of copper amine oxidases, the presence of TPQ in LOX was
regarded as plausible, but the large size difference between LOX and other amine
oxidases (Klinman & Mu 1994), together with the absence of the consensus sequence for
TPQ in LOX (Janes et al. 1990), raised the possibility of a different cofactor. This
different and previously unknown cofactor was indeed found to occupy the active site of
bovine LOX (Wang et al. 1996, Wang et al. 1997). Its structure is derived from the crosslinking of the ε amino group of a peptidyl lysine (Lys-314 in bovine LOX) with the
modified side chain of a tyrosyl residue (Tyr-349 in bovine LOX), and it has been named
lysine tyrosylquinone (LTQ). LTQ could be formed in the endoplasmic reticulum or
during protein trafficking through the Golgi elements (see Figure 3) (Rucker et al. 1998).
In this pathway, copper may play a structural role in stabilizing the LTQ (Tang &
Klinman 2001).

2.3.2.2 Reaction mechanism
LOX catalyses primary amine oxidation through a ping pong bi ter kinetic mechanism
(Williamson & Kagan 1986), which is illustrated in Figure 4. The first step in this
reaction is the formation of a Schiff base with the lysine tyrosylquinone (LTQ) cofactor (I
→ II). While the LTQ is bound to the substrate, it undergoes a rate-limiting, general basefacilitated α proton abstraction (Williamson & Kagan 1987a). A histidine residue has
been suggested to act as the general base in LOX (Gacheru et al. 1988). In the following
reaction, stereospecific abstraction of the pro-S α-proton takes place (Shah et al. 1993a),
and the electrons migrating from the substrate carbanion reduce the LTQ cofactor (II →
III). Hydrolysis of the imine intermediate releases the reactive aldehyde product, which
can then react spontaneously to form lysine- or hydroxylysine-derived cross-links. After
the release of the aldehyde product, the reduced enzyme is reoxidized by molecular
oxygen with the aid of Cu(II) to produce hydrogen peroxide and ammonia (Akagawa &
Suyama 2001). By this way, the oxidized enzyme is regenerated and the catalytic cycle is
completed (IV → V → I) (Kagan 1994, Smith-Mungo & Kagan 1998, Akagawa &
Suyama 2001).
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Fig. 4. Reaction mechanism of LOX. The RNH substituent represents peptidyl lysine 314 in
bovine LOX, the letter B represents a general base, LTQ represents lysine tyrosylquinone
cofactor, and LysAld represents the end product of the reaction, a lysine-derived aldehyde
(modified from Smith-Mungo & Kagan 1998, and Akagawa & Suyama 2001).

2.3.2.3 Inhibitors
Administration of β-aminopropionitrile (βAPN) to growing animals results in a
molecular disease known as lathyrism, which is characterized by an increased fragility of
all connective tissues and an elevation of solubility of collagen from tissues due to
diminished cross-linking (see Section 2.5.3). Therefore, the ability of βAPN to inhibit
cross-link formation was recognized even before identification of lysyl oxidase activity in
vitro (Kagan 1986). βAPN was later found to be a potent irreversible LOX inhibitor with
a Ki of about 3-5 µM (Narayanan et al. 1972). βAPN binds to the active site of LOX and
is enzymatically processed to a reactive form, which derivatizes the enzyme (Tang et al.
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1983). βAPN has therefore been used to specifically inhibit activities of all lysyl oxidase
isoenzymes in numerous studies. The structure of βAPN was used in a directed search for
other inhibitors. β-Haloethylamines and β-nitroethylamine were identified as additional
active site-directed irreversible inhibitors, with inhibition constants similar to that of
βAPN (Tang et al. 1984, Williamson & Kagan 1987a). Benzylamines substituted in the
para position with electron-withdrawing functions behave as ground-state inhibitors,
presumably by forming LOX enzyme-bound intermediates that are not completely
processed into the aldehyde (Williamsson & Kagan 1987b). Vicinal diamines like cis-1,2diaminocyclohexane and ethylenediamine are also potent irreversible LOX inhibitors
(Gacheru et al. 1989). LOX is further inhibited by heparin (Gavriel & Kagan 1988), N(5-aminopentyl)aziridine (Nagan et al. 1998), and trans-2-phenylcyclopropylamine (Shah
et al. 1993b) with the latter functioning as a noncompetetive, reversible inhibitor (Shah et
al. 1993b). LOX is additionally inhibited by homocysteine thiolactone and its selenium
and oxygen analogs in an active-site-directed and irreversible manner (Liu et al. 1997a).

2.3.3 Regulation of LOX
2.3.3.1 Expression in different cell types and during development
LOX is expressed in several different cells, including fibroblasts, aortic and lung smooth
muscle cells, osteoblasts, osteosarcoma cells (Csiszar et al. 1996, Uzel et al. 2000),
myofibroblasts (Peyrol et al. 1997), corneal endothelial cells (Fujimaki et al. 1999), and
chondrocytes (Gregory et al. 1999). Moreover, a secreted form of LOX is associated with
tracheal chondrocytes, endothelial cells, basal cells, biliary epithelial cells, liver
parenchymal cells, and spleen reticulum cells (Di Donato et al. 1997a). In kidney, LOX is
detected in glomeruli, medulla, renal cell lines, and tubular epithelial cells (Di Donato et
al. 1997a). At the tissue level, LOX is abundantly expressed and immunologically
detected in fetal and adult aorta (Kagan et al. 1986, Baccarani-Contri et al. 1989), human
placenta, skin, and lung (Baccarani-Contri et al. 1989).
During the development of different organisms, most observations of LOX expression
patterns have been made in association with the assembly of collagen and elastin fibers in
different tissues. With the aid of polyclonal antibodies, LOX has been localized in
association with collagen fibers despite the age of the subjects, at least in skin and aorta.
In contrast, only small amounts of aortic elastin fiber-associated LOX was observed in a
24-week-old human fetus, and by the age of 16 weeks, positive signals were completely
diminished (Baccarani-Contri et al. 1989). In human amnion, the highest level of lysyl
oxidase activity, as well the highest expression of LOX, were detected in gestational
weeks 12-14, and the lowest values were seen at weeks 20-24 (Casey & MacDonald
1997). In adulthood, elastin fiber-associated LOX staining is mostly negative (BaccaraniContri et al. 1989).
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Between days 8 and 16 of chick embryonic development, the steady-state levels of
LOX mRNA are increased together with its substrates, tropoelastin, and type I collagen.
In situ hybridizations showed that the spatial expressions of the LOX and tropoelastin
transcripts differ, suggesting that the enzyme and substrate genes may be regulated
differentially within cells of the arterial wall (Wu et al. 1992). In a similar manner, the
LOX mRNA level exhibited a fourfold increase from gestational day 9 to day 15 in rat
embryos, the highest expression level being seen in day 13 (Tchaparian et al. 2000).
However, the corresponding enzyme activity level was found to be relatively constant
during those days. A measurable enzyme activity level was observed in rat embryos at
gestational day 9, which corresponds to the transition of the embryo from the
postblastocyst stage to preembryonic stage (Tchaparian et al. 2000). Moreover, in the
embryonic development of rat, a pattern of temporal expression for a copper transporting
P-type ATPase gene (ATP7A) was consistent with its possible role in copper delivery to
LOX (Tchaparian et al. 2000).
During the development of sea urchin embryos, lysyl oxidase activity is increased
severalfold, the activity being peaked during gastrulation and larva formation. Treatment
of developing sea urchin embryos with βAPN resulted in developmental arrest at the
mesenchymal blastula stage, suggesting a critical role for LOX in mesenchyme
migration, gastrulation, and morphogenesis during development (Butler et al. 1987).
However, at the time of this study, it was supposed that only one enzyme is responsible
for the cross-linking of elastin and collagens, and therefore affected by βAPN (see
Section 2.4 for details). Di Donato et al. (1997b) studied the role of LOX in Xenopus
laevis oocytes, which are useful models in unraveling the signal transduction involved in
mitogenesis and other oncogene-dependent processes. After the coinjection of LOX and
the oncogenic p21-Ha-rasval12 into maturing oocytes, the ras-dependent maturation of
these oocytes was inhibited as an effect of the intracellular LOX. Treatment of these
coinjected oocytes with βAPN abolished this inhibition of maturation. Results from this
study suggest that the LOX protein is actually able to antagonize oncogenic Rasdependent meiotic maturation of Xenopus laevis oocytes.

2.3.3.2 LOX in fibrotic tissues
Fibrosis is characterized by an extensive accumulation of the essentially insoluble
collagen fibers. Therefore, it should be possible to treat this condition by selective
suppression of key events in collagen biosynthesis, including the reaction catalyzed by
the lysyl oxidases. Inhibition of lysyl oxidases would likely decrease the amount of crosslinks in collagens, which may enhance its degradation by proteases (see Kagan 1986,
1994, 2000, Franklin 1995, 1997, Myllyharju & Kivirikko 2001 for reviews).
In the past decades, several reports have suggested a strong association between organ
fibrosis and increased lysyl oxidase activity. Such observations have been made in
experimental hepatic fibrosis in rat (Siegel et al. 1978, Carter et al. 1982, Wakasaki &
Ooshima 1990a), in models of lung (Counts et al. 1981, Riley et al. 1982, Almassian et
al. 1991), arterial (Kagan et al. 1981) and dermal fibrosis (Chanoki et al. 1995), in
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chronic human liver fibrosis (Murawaki et al. 1991), adriamycin-induced kidney fibrosis
in rat (Di Donato et al. 1997a), and in other pathological conditions leading to fibrosis
(Sommer et al. 1993, Jourdan-Le Saux et al. 1994, Ma et al. 1995, Decitre et al. 1998,
Trivedy et al. 1999). Among these, probably the most striking increases in enzyme
activity are seen in the rat model of CCl4-induced liver fibrosis (Siegel et al. 1978, Carter
et al. 1982). In this model, an increase of lysyl oxidase activity reflects increases in the
steady-state levels of LOX mRNA (Wakasaki & Ooshima 1990a). A significantly higher
level of lysyl oxidase activity was also seen in the media of mesenchymal cells cultured
from cirrhotic human livers when compared to that in the media of cells from normal
liver or from livers of patients with chronic hepatitis (Konishi et al. 1985). In these
studies, the low level of enzyme activity in the healthy liver increased 15- to 30-fold in
fibrotic livers. Because the lysyl oxidase activity level is normally negligible in the serum
of healthy subjects, but significantly increased in experimental liver fibrosis, it has been
suggested that lysyl oxidase might serve as a marker of internal fibrosis (Siegel et al.
1978, McPhie 1981, Carter et al. 1982, Sakamoto et al. 1987, Murawaki et al. 1991).
Interestingly, changes in the expression level of type III collagen often precede or
parallel changes in the level of lysyl oxidase activity (Krzyzosiak et al. 1992, Sharma et
al. 1997, Kim et al. 1999). To clarify these findings, Giampuzzi et al. (2001) investigated
the effects of LOX overexpression on the activity of the human COL3A1 gene promoter
in monkey renal fibroblasts (COS-7) and human primary skin fibroblasts. Overexpression
of the recombinant LOX led to a dramatic increase in the COL3A1 promoter activity. The
data further suggested that induction of the COL3A1 promoter was dependent on the
catalytic activity of LOX, as it was completely suppressed by βAPN. Moreover, a
sequence similar to the nuclear regulatory element 1 (NRE1) was found in the COL3A1
promoter and was shown to be able to bind Ku antigen, which is known to be involved in
some of the main DNA repair and recombination processes (Jin & Weaver 1997, Jeggo
1998, Jeggo et al. 1999). However, the authors of this study had great difficulties in
explaining and defining any possible mechanism by which LOX increased the Ku
binding into its target sequence on the COL3A1 promoter (Giampuzzi et al. 2001).
In addition to the association between the expression of LOX and type III collagen,
LOX expression also seems to be associated with type I collagen expression. In
developing granulomas, LOX was transiently up-regulated at the transcriptional level in
parallel with the α1 chain of type I procollagen (Sommer et al. 1993). Jourdan-Le Saux et
al. (1997) subsequently demonstrated by transfection studies that the LOX and COL1A1
promoters may be regulated by similar negative and positive cis-acting elements. These
regulatory regions include a potential TGF-β response element, which was also found in
the rat Col1a1 (Ritzenthaler et al. 1991) and mouse Col1a2 (Rossi et al. 1988) promoters.

2.3.3.3 Response to different effectors in various cell types
LOX expression is highly responsive to a variety of physiological states, such as growth,
wound repair, ageing, genetic diseases involving altered copper metabolism, and
tumorigenesis. Therefore, it is obvious that expression of LOX is regulated by several
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different specific cytokines, growth factors, and related intercellular molecular
messengers (see Smith-Mungo & Kagan 1998, Csiszar 2001 for reviews). The factors
contributing to LOX expression and its activity in different cell lines, tissues, and
physiological situations, and in several disorders, include specific transcription factors
like the interferon response factor-1 (IRF-1) (Tan et al. 1996), metal ions (Li et al. 1995),
cytokines and growth factors, such as transforming growth factor-β1 (TGFβ1) (Shibanuma et al. 1993, Boak et al. 1994, Feres-Filho et al. 1995, Roy et al. 1996,
Gacheru et al. 1997, Hong et al. 1999, Shanley et al. 1997, Bose et al. 2000), basic
fibroblast growth factor (bFGF) (Feres-Filho et al. 1996), fibroblast growth factor-2
(FGF-2), insulin-like growth factor (IGF) (Trackman et al. 1998), and platelet-derived
growth factor (PDGF) (Green et al. 1995), hormones, such as testosterone (Bronson et al.
1987) and prostaglandin E2 (PGE2) (Boak et al. 1994, Roy et al. 1994, Choung et al.
1998), and signaling molecules like ras (Contente et al. 1990, Hajnal et al. 1993,
Kryzosiak et al. 1992, Csiszar et al. 1996, Di Donato et al. 1997b) and cAMP (Choung et
al. 1998, Ravid et al. 1999). The growth factors and other effectors that are known to
affect LOX expression and activity are listed in Table 1. Because of cell type differences
and experiments carried out under a variety of conditions, it is difficult to draw any
general conclusions concerning the transcriptional and post-translational regulation of
LOX.
One of these effectors, TGF-β1, is a fibrogenic growth factor known to regulate the
synthesis of collagens (Chambers & Laurent 1996, Wight 1996) and elastin (Cleary &
Gibson 1996). TGF-β1 has been found to strongly promote expression of LOX in
fibroblasts from neonatal rat lungs (Boak et al. 1994) and human embryos (Roy et al.
1996), and in rat vascular smooth muscle cells (Gacheru et al. 1997, Shanley et al. 1997).
In human lung fibroblasts, the increase of LOX expression induced by TGF-β1 is
effectively prevented by PGE2 (Roy et al. 1996). PGE2 is known to induce the expression
of cyclooxygenase-1, the catalyst leading to the production of PGE2, and therefore it has
been suggested that a coordinated and autocrine-like mechanism could limit LOX
expression in inflammatory responses to connective tissue injury (Roy et al. 1996). Most
of the regulatory effects of TGF-β1 on LOX expression in cultured rat aorta smooth
muscle cells probably occurs at a post-transcriptional level by an enhancement of the
stabilization of the LOX mRNA (Gacheru et al. 1997). In MC3T3-E1 osteoblastic cells,
TGF-β1 also stimulated LOX expression both at the mRNA and protein levels. However,
proteolytic prosessing of the LOX precursor was proportionately less stimulated by TGFβ1, which may account for the delay and slightly lower magnitude of the increase in the
corresponding enzyme activity when compared to the peak of the increase in the mRNA
level (Feres-Filho et al. 1995). TGF-β1 also regulates BMP-1 and mTLD (Lee et al.
1997), which are responsible for the proteolytic processing of the LOX precursor (Uzel et
al. 2001; see also Section 2.3.1.1), and therefore serves as one of the possible regulatory
levels in the activation of the enzyme. In contrast, this processing event did not seem to
be affected by the elevation of LOX expression by TGF-β1 in cultured neonatal rat lung
fibroblasts (Boak et al. 1994).
In adult rat vascular smooth muscle cells, the LOX mRNA level and the secreted
enzyme activity were low in quiescent cells from adult rats, but were markedly induced
by PDGF, angiotensin II, and by increasing the serum concentration to 10 % (Green et al.
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1995). However, in quiescent neonatal rat vascular smooth muscle cells, the expression of
LOX mRNA and the secreted enzyme activity were elevated, but were markedly
decreased by stimulation of the proliferation by serum enrichment (Gacheru et al. 1997),
suggesting age-specific mechanisms of regulation in these cells. Interferon γ (IFN- γ) has
been shown to downregulate LOX gene expression in rat aortic smooth muscle cells by
transcriptional and posttranscriptional mechanisms (Song et al. 2000). This agrees with
the finding that an IFN-sensitive motif is present in the promoter of the LOX gene (Tan et
al. 1996).
Table 1. Transcriptional and posttranscriptional regulation of LOX.
Effector

Cell or tissue

Effect

IFN-γ1

Rat aortic smooth muscle cells

Downregulation of mRNA; decreased
mRNA half-life

bFGF2

Mouse osteoblastic cells

FGF-2 and IGF-13
PGE24-6

Inflamed oral tissues, rat fibroblastic
mesenchymal cells
Rat lung fibroblasts

Decreased mRNA level (1-10 nM);
upregulation of mRNA (0.01-0.1 nM)
Increase of mRNA

TGF-β 14,5,7−12

Rat aortic smooth muscle cells

Increased mRNA level and enzyme activity

Human gingival, flexor reticulum
cells, renal cell lines
Murine osteoblast-like cells

Increased mRNA level and enzyme activity
Increased mRNA level and enzyme activity

Mouse fibroblasts

Decreased mRNA level

Mouse cadmium-resistant fibroblasts

Increased mRNA level

Human embryonic lung fibroblasts

Cadmium13
14

Unchanged mRNA level; reduction in
enzyme activity
Downregulation of mRNA

Testosterone

Calf aortic smooth muscle cells

Increased enzyme activity

Bleomycin15

Human lung fibroblasts

Increased mRNA level

Human dermal fibroblasts

Decreased mRNA level

Human dermal fibroblasts

Increased mRNA level

Minoxidil15

Human dermal fibroblasts

Increased mRNA level

Adriamycin16

Rat kidney glomeruli, medula

Increased mRNA level

cAMP6,17

Upregulation of transcription

PDGF18

Rat and human vascular smooth
muscle cells
Rat vascular smooth muscle cells

Dexamethasone19

Cultured fetal murine lungs

Upregulation of mRNA

Retinoic acid20

Adipocytes in early adipogenesis

Prevents downregulation of mRNA and
enzyme activity

Hydralazine15

Upregulation of mRNA

References: 1Song et al. 2000, 2Feres-Filho et al. 1996, 3Trackman et al. 1998, 5Roy et al. 1996, 4Boak et al.
1994, 6Choung et al. 1998, 7Shibanuma et al. 1993, 8Feres-Filho et al. 1995, 9Gacheru et al. 1997, 10Hong et al.
1999, 11Shanley et al. 1997, 12Bose et al. 2000, 13Li et al. 1995, 14Bronson et al. 1987. 15Yeowell et al. 1994,
16
Di Donato et al. 1997a, 17Ravid et al. 1999, 18Green et al. 1995, 19Chinoy et al. 2000, 20Dimaculangan et al.
1994.
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2.3.4 Novel biological roles
LOX has been reported not only to be involved in the cross-linking of collagens and
elastin, but to also act as a tumor suppressor and to have intracellular and even
intranuclear activities (for reviews, see Smith-Mungo & Kagan 1998 and Csiszar 2001).

2.3.4.1 LOX in tumor suppression
The first direct evidence of the tumor suppressor activity of LOX was demonstrated by
Contente et al. (1990). They identified a markedly down-regulated cDNA species upon
transformation of mouse NIH 3T3 cells with LTR-c-H-ras. The expression level of this
cDNA was restored when the transformed cell line (RS485) was treated with interferon to
obtain a persistent revertant cell line (PR4). This cDNA species was named as ras
recision gene (rrg). These persistent revertant cells are phenotypically non-transformed
and non-tumorgenic. However, when a rrg antisense RNA was used to block the
expression of the corresponding mRNA in PR4 cells, the reappearance of the tumorgenic
and transformed phenotype was observed. Furthermore, subcutaneous injection of these
antisense cells into athymic mice induced tumor formation. The cDNA sequences of the
mouse rrg and rat Lox were subsequently found to be identical, thus indicating that rrg
encodes Lox (Kenyon et al. 1991), the activity of which was already known to be
markedly low in the medium of malignantly transformed cultured human cell lines
(Kuivaniemi et al. 1986b). These results have been supported by several other groups.
Expression of LOX was down-regulated in immortalized rat 208F fibroblasts after
transformation by activated H-ras (Hajnal et al. 1993, Oberhuber et al. 1995) and upregulated in spontaneous phenotypic revertants that continued to express the ras
oncogene (Hajnal et al. 1993). In addition, LOX expression was found to be irreversibly
and coordinately regulated with type I collagen expression in spontaneous phenotypic
revertants (Hajnal et al. 1993). A putative tumor suppressor role for LOX was also
demonstrated by stable transfection of a LOX cDNA in antisense orientation to normal
rat kidney fibroblasts (NRK-49F). The transfected cells exhibited a loose attachment to
plate, anchorage-independent growth, and high tumorgenicity in nude mice, and also
showed an impaired response of the PDGF and IGF-1 receptors to their ligands
(Giampuzzi et al. 2001). Hämäläinen et al. (1995) demonstrated that the low lysyl
oxidase activity level in several malignantly transformed human cell lines is due to low
quantities of the LOX mRNA and a low transcription level of the corresponding gene. A
similar transcriptional silencing of LOX expression was detected in H-ras-transformed rat
embryo fibroblasts (CREF) by using nuclear run-on assays (Su et al. 1995). The LOX
gene was also identified as a target for the anti-oncogenic transcription factor (IRF-1),
which manifests tumor suppressor activity and contributes to the development of human
hematopoietic malignancies (Tan et al. 1996).
In malignant human breast carcinomas, LOX was highly expressed in myofibroblasts
and myoepithelial cells surrounding the in situ tumor and in the reactive fibrosis facing
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the invasion front of infiltrating tumors (Peyrol et al. 1997). Type I, III, and IV collagens
and elastin were found to be co-distributed with LOX in this study, thus resulting in the
stabilization of a scar-like peritumor barrier. In contrast, LOX was found to be absent
from the carcinoma cells. These findings suggested a possible host defense mechanism,
while a late stromal reaction lacking LOX favors tumor dispersion (Peyrol et al. 1997).
A similar phenomenon was observed in experimental mouse prostate cancer, where
LOX was expressed in normal epithelium, but progressively lost in primary prostate
cancer and associated metastatic lesions (Ren et al. 1998). In the stromal reaction of
different types of broncho-pulmonary carcinoma, a strong expression of LOX is
associated with the hypertrophic scar-like stromal reaction found at the front of tumor
progression. In contrast, little or no expression was found within the stromal reaction of
invasive carcinomas, small cell carcinomas, and neuro-endocrine carcinomas (Peyrol et
al. 2000). Very recently, it was demonstrated that a loss or reduction of LOX function
during tumor development may be a direct consequence of somatic mutations and may be
associated with the pathogenesis of colon cancer (Csiszar et al. 2002). The LOX gene is
located in chromosomal region 5q23 (Hämäläinen et al. 1991, 1993, Mariani et al. 1992,
Boyd et al. 1995), which is known to be deleted at a high frequency in many different
types of cancer (Tamura et al. 1996, Wieland et al. 1996).

2.3.4.2 Intracellular and intranuclear activities
LOX has been localized within fibroblasts, chondrocytes, smooth muscle cells, and a
variety of non-fibroblastic cells. In cultured fibroblasts, LOX was immunologically
detected in association with filamentous structures in the cytoplasm consistent with
cytoskeletal proteins (Wakasaki & Ooshima 1990b). However, since the molecular
weight of this intracellularly observed enzyme was not assessed, it was unknown wheter
it represented the proenzyme and/or mature LOX form. It was recently suggested that an
intracellularly expressed recombinant mature 32 kDa LOX form may be able to regulate
the activity of the COL3A1 gene promoter, as discussed in Section 2.3.3.2 (Giampuzzi et
al. 2001). In addition, coinjection of LOX with oncogenic p21-rasval12 into Xenopus
laevis oocytes suggests one possible intracellular role for LOX in antagonizing a Rasinduced meiotic maturation of these cells. The authors of this study suggested that a
LOX-dependent block in oocyte maturation may be downstream of Erk2, a member of
the mitogen-activated protein kinases (Di Donato et al. 1997b).
In addition, a 32 kDa active form of LOX has been localized by immunocytochemistry
and Western blot analysis to the nucleus of rat vascular smooth muscle cells and 3T3
fibroblasts (Li et al. 1997). Moreover, the nucleus of the vascular smooth muscle cells
contained lysinonorleucine, which is the adduct formed during the LOX catalyzed crosslink reaction. Formation of lysinonorleucine was prevented by administration of βAPN,
thus confirming a role of LOX in this reaction (Li et al. 1997). More recently, it was
demonstrated by using cultured smooth muscle cells that a purified bovine 32 kDa LOX
polypeptide fluorescently labeled with rhodamine was able to enter into the cytosol and
become rapidly concentrated into the nuclei of these cells. The intracellular uptake and
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distribution were not altered by βAPN, and therefore were independent of the catalytic
activity of LOX (Nellaiappan et al. 2000). The identity of a nuclear substrate of LOX is
currently unknown (Li et al. 1997).

2.4 Recently identified lysyl oxidase isoenzymes
Isoenzymes are distinct forms with the same catalytic activity, differing in their physical
and chemical properties. They can be present in different tissues, cell types, subcellular
compartments, or developmental stages of the same organism, or in different organisms.
In past decade, four lysyl oxidase isoenzymes have been characterized in addition to
LOX; lysyl oxidase-like protein (LOXL) (Kenyon et al. 1993, Kim et al. 1995), lysyl
oxidase-like 2 protein (LOXL2) (Saito et al. 1997, Jourdan-Le Saux et al. 1999), lysyl
oxidase-like 3 protein (LOXL3) (paper I of the present study and Jang et al. 1999, Huang
et al. 2001, Jourdan-Le Saux et al. 2001), and lysyl oxidase-like 4 protein (LOXL4)
(paper II of the present study and Ito et al. 2001, Asuncion et al. 2001). Polypeptides of
all these isoenzymes are highly conserved within their C-terminal ends, which include the
copper-binding sites, cytokine receptor-like domains, and lysine tyrosylquinone cofactor
sites (see Csiszar 2001 for review).
The emerging members of the lysyl oxidase gene family raise many questions
concerning the role of each member with respect to altered lysyl oxidase activities in
nutritional copper-deficiency, Menkes and occipital horn diseases, lathyrism, tumor
suppression, and fibrotic tissues. The substrate or tissue specificity may vary among these
five family members, although no strong evidence for this has been presented so far. The
isoenzymes LOXL3 and LOXL4 identified in the present study will be discussed in detail
in Chapters 4, 5, and 6.

2.4.1 Lysyl oxidase-like protein (LOXL)
Kenyon et al. (1993) characterized a novel human cDNA with a predicted protein similar
to LOX. This protein was named lysyl oxidase-like protein (LOXL). The LOXL cDNA
corresponds to a single polyadenylated mRNA species of 2.5 kb, which shows a
concomitant expression with LOX mRNA in several human tissues (Kim et al. 1995).
The LOXL polypeptide consists of 574 amino acids, with a calculated molecular mass of
63 kDa. It shows 76% identity with LOX at its C-terminal region (Kenyon et al. 1993,
Kim et al. 1995), which includes the copper-binding site and the four histidine residues
within the conserved sequence (WEWHSCHQHYH) that are involved in the copper
binding coordination complex. Furthermore, a growth factor and cytokine receptor-like
sequence are present in this region in both the LOX and LOXL polypeptides. This highly
homologous region encompasses the mature 32 kDa form of LOX (Kim et al. 1995). The
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LOXL gene contains 7 exons and has been mapped to chromosome 15q24 in humans
(Szabo et al. 1997) and chromosome 9 in mice (Tchernev et al 1997, Wydner et al. 1997).
The LOXL protein has been identified as a secreted protein that is expressed in the
extracellular matrix in active fibrotic diseases and in the early stromal reaction of breast
cancer (Decitre et al. 1998). Coincident appearance of increased steady-state levels of
LOXL and COL3A1 mRNAs was detected in the early development of liver fibrosis,
suggesting that the LOXL protein is involved in the development of lysine-derived crosslinks in collagenous substrates. In contrast, steady-state levels of LOX mRNA were
increased throughout the onset of hepatic fibrosis and appeared in parallel with increased
stedy-state levels of COL1A1 mRNA (Kim et al. 1999). A specific antibody against
LOXL has been used to identify proteins immunochemically distinct from LOX in
various cells and in bovine aorta. These proteins had molecular weights of approximately
68, 52, 42, and 30 kDa (Decitre et al. 1998). Recently, Borel et al. (2001) isolated and
characterized a 56 kDa LOXL protein from bovine aorta. This LOXL precursor was
cleaved by a furin-like activity and was largely inactive. However, further processing by
BMP-1 in vitro led to an enzyme that was active on elastin and collagen substrates (Borel
et al. 2001).

2.4.2 Lysyl oxidase-like 2 protein (LOXL2)
Lysyl oxidase-like 2 protein (LOXL2) was orginally cloned, characterized, and named
WS9-14 by Saito et al. (1997) for its possible association with Werner syndrome, which
is characterized by premature aging (Murano et al. 1991). However, it was subsequently
reported that WS9-14 mRNA corresponds to LOXL2 mRNA, with the exception that the
WS9-14 transcript encodes one additional scavenger receptor cysteine-rich domain
(SRCR) in its 5’end region (Jourdan-Le Saux et al. 1999, Csiszar 2001).
The LOXL2 mRNA encodes an 87 kDa polypeptide, which contains four SRCR
domains that are found in several secreted and cell surface proteins (Saito et al. 1997).
The LOXL2 polypeptide shares a 48% identity with the LOX polypeptide in its amino
acid sequence from residue 546 to 751 in its C-terminal region. This region contains all
conserved amino acid sequences needed for the proper function of the mature 32 kDa
form of the LOX enzyme (Saito et al. 1997, Jourdan-Le Saux et al. 1999). The LOXL2
gene has been mapped to chromosome 8p21 in humans (Jourdan Le Saux et al. 1998) and
14 in mice (Jourdan-Le Saux et al. 2000), and it consists of at least 11 exons (Jourdan-Le
Saux et al. 1999).
LOXL2 is abundantly expressed in senescent fibroblasts and several adherent tumour
cell lines, but is down-regulated in several nonadherent tumour cells. This suggests that it
may be involved in cell adhesion and that a loss of this protein may be associated with
the loss of tumour cell adhesion. LOXL2 may, therefore, play a role in metastasis (Saito
et al. 1997). LOXL2 shows similar spatial expression with LOX and LOXL in human
placenta and fetal tissues in early pregnancy. However, this pattern diverges during
gestation (Hein et al. 2000). In full-term human placenta, LOX is expressed
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predominantly in the amniotic epithelium, with little expression in the placenta, while
LOXL shows the highest expression in the placenta and lowest expression in the amnion.
LOXL2 expression differs in that it is detected predominantly in chorionic
cytotrophoblasts of the membranes with only low expression levels in the amnion and
placenta (Hein et al. 2000, see also Casey & MacDonald 1997, Jourdan-Le Saux 1999).

2.5 Consequences of reduced lysyl oxidase activities
Reduced lysyl oxidase activities are found in two X-linked recessively inherited
disorders, Menkes disease and occipital horn syndrome (OHS), and in nutritional copper
deficiency and lathyrism (see Kagan 1986, Steinmann et al. 1993, Smith-Mungo &
Kagan 1998, Kaler 1998 for reviews). In nutritional copper deficiency, as well as the
Menkes disease and OHS, reduced availability of copper for lysyl oxidase leads to
diminished number cross-links in collagens and elastin, which is manifested by several
connective tissue defects. However, several other copper-dependent enzymes are also
affected, as will be discussed in Section 2.5.2. In contrast, lathyrism is caused by βaminopropionitrile, a potent irreversible inhibitor of lysyl oxidase (see Section 2.3.2.3),
and therefore connective tissue abnormalities in this disease are due to direct effects of
decreased lysyl oxidase activity (Kagan 1986, Steinmann et al. 1993). Abnormalities in
copper availability and administration of β-aminopropionitrile may in principle decrease
activities of all known lysyl oxidase isoenzymes.

2.5.1 Nutritional copper deficiency
Copper may be an essential metal cofactor of all lysyl oxidase isoenzymes. The
functional activity of lysyl oxidase has been shown to vary up to 10-fold in response to
variations in the availability of dietary copper (Harris 1976, Rayton & Harris 1979,
Harris 1986, Opsahl et al. 1982). Reduced lysyl oxidase activity due to copper deficiency
has been detected in the chick aorta (Harris 1976), tendon (Opsahl et al. 1982, Rucker et
al. 1999), and bone (Opsahl et al. 1982), as well as in rat skin (Romero-Chapman et al.
1991, Rucker et al. 1996). In these situations, reduced lysyl oxidase activity leads to a
reduction in the cross-link formation in vivo, and therefore to connective tissue defects in
growing animals, including osteoporosis, joint deformaties, bone fragility, internal
hemorrhages, and aortic aneurysms (Rucker et al. 1975, Harris 1976, Rayton & Harris
1979, Opsahl et al. 1982).
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2.5.2 Menkes disease and occipital horn syndrome
Lysyl oxidase activity is reduced in two X-linked recessively inherited disorders, the
Menkes disease and its less severe variant occipital horn syndrome (OHS, also known as
X-linked cutis laxa) (see Kagan 1986, Smith-Mungo & Kagan 1998, Kaler 1998 for
reviews). Both diseases are caused by mutations in the ATP7A gene that encodes a
copper-transporting P-type ATPase. As a result, copper accumulates in connective tissue
cells and does not enter secretory vesicles (Chelly et al. 1993, Mercer et al. 1993, Vulpe
et al. 1993, Vulpe & Packman 1995). Therefore, the reduced lysyl oxidase activity is
secondary to the copper deficiency, as are activities of at least 12 different copperdependent enzymes (Kaler 1998).

2.5.2.1 Clinical, biochemical and pathological findings
The findings in both diseases include abnormal neural development, connective tissue
abnormalities, and often premature death. Manifestations in OHS include bladder
diverticula with spontaneus ruptures, inguinal hernias, slight skin laxity and
hyperextensibility, skeletal changes, such as occipital horn-like exostoses, and vascular
tortuoisity. Manifestations in Menkes disease also include bladder diverticula,
hyperextensibility and laxity of skin, and skeletal abnormalities. Unlike OHS, Menkes
disease further involves neurological degeneration, mental retardation, and generalized
arterial disease with grossly abnormal elastic lamellaes. These complications are often so
severe that the disease leads to premature death by the age of 3 years (see Kivirikko &
Kuivaniemi 1987, Danks 1993, Kaler 1998 for reviews).
The reduced lysyl oxidase activity level may significantly reduce the strength of
connective tissues in many tissues, and therefore probably has major clinical
consequences in both diseases. The vascular tortuoisity, bladder diverticula, and castric
polyps are all likely to be results of a decreased lysyl oxidase activity (Royce et al. 1980,
Harcke et al. 1977, Daly & Rabinovitch 1981, Kaler et al. 1993). Because OHS patients
exhibit mainly connective tissue manifestations with only mild neurological changes,
lysyl oxidase may be one of the most sensitive copper-dependent enzymes to defects in
the ATP7A gene product (Das et al. 1995, Levinson et al. 1996). It has been hypothesized
that OHS results from the presence of low levels of a functional ATP7A, whereas no
normal ATP7A activity exists in Menkes disease (Das et al. 1995). Møller et al. (2000)
recently demonstrated that ATP7A-transcript levels as low as 2-5% of normal are
sufficient to result in the less severe OHS, thus supporting the earlier hypothesis.
In Menkes and OHS patients, a reduction in lysyl oxidase activity level has been
demonstrated in skin specimens (Byers et al. 1980, Peltonen et al. 1983) and in the
medium of cultured fibroblasts (Byers et al. 1980, Peltonen et al. 1983, Royce et al.
1980, Kuivaniemi et al. 1982, Kuivaniemi et al. 1985, Kemppainen et al. 1996). Cultured
skin fibroblasts from Menkes and OHS patients have also been found to contain and
secrete reduced amounts of the LOX protein, indicating that transcription or translation
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may be impaired (Kuivaniemi et al. 1985, Gacheru et al. 1993). Kemppainen et al.
(1996) studied potential transcriptional abnormalities in fibroblasts from Menkes and
OHS fibroblasts by using quantitative PCR. Their work demonstrated a decreased amount
of LOX mRNA in cultured fibroblasts from patients with Menkes and OHS diseases
when compared to control cell lines.

2.5.2.2 Animal models of Menkes disease and occipital horn syndrome
Mouse mutants involving the X-linked locus mottled (Mo) serve as animal models of the
Menkes disease and OHS (Danks 1993, Mercer 1998). This locus represents a murine
homologue of the human ATP7A locus. In mouse, various Atp7a gene mutations lead to
phenotypes similar to those found in patients with the Menkes disease and OHS (Mercer
1998). The mottled brindle (Mobr) mouse is phenotypically and biochemically similar to
patients with Menkes disease, exhibiting severe neurological impairment and death at an
early age (Danks 1993). Likewise, the mottled blotchy (Moblo) mouse represents a
phenotype similar to OHS with predominant connective tissue manifestations (Rowe et
al. 1977, Mercer 1998). Interestingly, Moblo males and Moblo/+ females have a
significantly higher incidence of spontaneous aortic aneurysms when compared to the
other mouse lines. Histologically, the Moblo aortas exhibit disrupted elastic lamellae and
thickening of the interlamellar spaces (Andrews et al. 1975, Brophy et al. 1988). Similar
findings have also been made in other mottled mice (Fry et al. 1967, Rowe et al. 1974).
However, in Moblo males, the incidence of aneurysms increased progressively, reaching
100% by 6 months of age (Brophy et al. 1988).

2.5.3 Lathyrism
Lathyrism is caused by chronic ingestion of the sweet pea Lathyrys odoratus, which
contains β-(γ-glutamyl)aminopropionitrile, a potent irreversible inhibitor of lysyl oxidase
when metabolized to β-aminopropionitrile (βAPN), as discussed in Section 2.3.2.3 (see
Kagan 1986, 1994, Smith-Mungo & Kagan 1998 for reviews). Lysyl oxidase inhibition
leads to the diminished cross-linking of collagens and elastin, and consequently, to
connective tissue defects (Kagan 1986, Steinmann et al. 1993). The connective tissue
manifestations include kyphoscoliosis, bone deformities, weakening of tendons and
ligament attachments, dislocation of joints, weakening of skin and cartilage, hernias, and
dissecting or saccular aneurysms of the aorta (Steinmann et al. 1993). The connective
tissue manifestations seen in lathyrism resemble closely those observed in the Menkes
and OHS diseases and also manifestations observed in dietary copper-deficient animals
discussed in previous sections. This fact supports the suggestion that abnormalities in the
functioning of LOX or its isoenzymes have a central role in the connective tissue defects
seen in these conditions.
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3 Outlines of the present research
Lysyl oxidases play an important role in the formation of lysine-derived cross-links in
collagens and elastin. These cross-links in turn stabilize the structures of these proteins in
the extracellular matrix. Moreover, lysyl oxidases may have additional unknown
intracellular or even intranuclear functions. The critical role of lysyl oxidase activity is
well demonstrated by the defects in the collagen and elastin fibers that are seen in the
Menkes and OHS diseases, their animal models, and also in lathyrism.
To date, little is known about the tissue, developmental stage, or substrate specifities
of the emerging lysyl oxidase isoenzymes. Identification and characterization of these
new isoenzymes and homozygous inactivation of one of them can be expected to give
valuable information about their functions in a living organism. Therefore, the goals of
this study were:
1. To attempt to identify, clone, and characterize additional human lysyl oxidase
isoenzymes. Subsequent goals were to study expression of the mRNAs for these
isoenzymes in human tissues and to produce a recombinant protein in a mammalian
expression system to study whether this protein is located in the extracellular space
or whether it is found intracellularly or even intranuclearly.
2. To produce mice lacking the activity of the first characterized lysyl oxidase
isoenzyme (Lox) using homologous recombination in embryonic stem cells, and to
analyse the consequence of the lack of this activity in the homozygous Lox-/- mice.

4 Materials and methods
Detailed descriptions of the material and methods are presented in the orginal papers IIII.

4.1 Cloning and characterization of the fourth and the fifth human
lysyl oxidase isoenzymes (I, II)
4.1.1 Search for expressed sequence tags and high throughput
genomic sequences (I, II)
The BLASTN program (http://www.ncbi.nlm.nih.gov/BLAST/) was used to search all
available databases for sequences that are similar to those of the coding regions of the
human LOX (Hämäläinen et al. 1991), LOXL (Kenyon et al. 1993), and LOXL2 (Saito et
al. 1997, Jourdan-Le Saux et al. 1999) cDNAs. Three high-throughput genomic
sequences (AC005033, AC005041, AL139241) and one expressed sequence tag
(AL751493) similar to LOXL2 sequence were found. Oligonucleotides for PCR were
synthesized based on these sequences.

4.1.2 Isolation of cDNA clones (I, II)
To identify cDNA clones for LOXL3, the PCR primer pairs HLO406F/HLO406R and
HLO402F/HLO404R were used to generate 204 bp and 527 bp products from a human
placenta λgt11 cDNA library (Clontech). These PCR products were used to screen the
same library, and two positive clones were obtained and characterized. To obtain the
5’end of the cDNA, the primers LO4cDNA1F and HLO406R were used for PCR with
human placenta and fetus cDNA pools (Marathon Ready cDNA, Clontech). The PCR was
performed using the Advantage 2 PCR Enzyme System kit (Clontech). Rapid
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amplification of the 5’ cDNA ends (5’RACE) was performed using the same cDNA pools
as templates, and the Advantage 2 PCR Enzyme System kit with primer pairs
AP1/HLO406R and AP1/LO4RNA1R. These PCR products were subcloned into the
plasmid pUC18 (Amersham Pharmacia Biotech). All products were sequenced using
standard methods.
To obtain cDNA clones for LOXL4, oligonucleotides HLO52F and HLO52R were
used for PCR with a human kidney λgt11 cDNA library (Clontech). The PCR product
was then used for screening the same library, and a 1611 bp clone was identified. To
obtain the 5’end of the cDNA, the oligonucleotide LO5E1AR was used with AP2
according to the Marthon-Ready cDNA User Manual (Clontech) and a 347 bp product
was obtained from a human fetus cDNA pool.

4.1.3 Characterization of the exon-intron organization
of the LOXL3 gene (I)
The high throughput genomic sequences were compared with the cDNA sequences
obtained using the exon prediction softwares GRAIL 1.3, FGENES, and Genie
(http://dot.imgen.bcm.tmc.edu:9331/seq-search/gene-search.html). To verify the position
of the first intron, PCR was performed using the placenta and fetus cDNA pools and
Advantage 2 PCR Enzyme System kit (Clontech) with primer pairs
HLO4prom4F/HLO406R and HLO4prom4F/LO4RNA1R, yielding products of the sizes
971 bp and 371 bp, respectively.

4.1.4 Northern blot analysis (I, II)
Human multi-tissue Northern blots I and II were used for analysis of the expression of
LOXL3 and LOXL4 mRNA species. For LOXL3 mRNA, a 971 bp PCR product from the
5’end of the cDNA was used as a probe. This probe was obtained by PCR with primers
HLO4prom4F and HLO406R. For LOXL4 mRNA, the corresponding full-length cDNA
was used as a probe.

4.1.5 Sequence analyses (I-III)
DNA sequencing was performed using an automated sequencer (ABI Prism 377, Applied
Biosystems). DNASIS and PROSIS version 6.0 softwares (Pharmacia) were used to
analyse the raw sequence data.

41

4.1.6 Recombinant expression of the LOXL3 and LOXL4
polypeptides (I, II)
Recombinant expression of the LOXL3 and LOXL4 cDNAs was carried out using the
mammalian expression vector pcDNA3.1/V5-HisA (Invitrogen). Expression constructs
corresponding to the open reading frames of both cDNAs were generated by PCR with
the human fetus cDNA pool as the template. These constructs contained, at their 3’ end,
sequences encoding the V5 epitope and a His tag to be used for antibody staining of the
recombinant protein. The plasmids were then transfected into human HT-1080
fibrosarcoma cells (American Type Culture Collection) using the Fugene6- transfection
reagent (Boehringer Mannheim). The transfected HT-1080 cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM, Life Technologies, Inc.) containing 10%
fetal bovine serum (FBS), 400 µg/ml G-418 sulphate and 100 units/ml penicillin and
streptomycin at 37°C in 5 % CO2. Lysates were prepared from confluent plates by
removing the medium, rinsing the cell layers with PBS, and suspending the cells at 37°C
in Hank’s balanced salt solution containing 0.05 % trypsin and 0.53 mM EDTA. After
addition of an equal volume of 10 % FBS/DMEM, the cells were sedimented, and the cell
pellet was resuspended and washed in PBS. The resulting pellet was suspended in PBS,
and aliquots from the cells were lysed by adding a solution of 62.5 mM Tris-HCl, pH 6.8,
10% glycerol, 2% SDS, and 5% β-mercaptoethanol, followed by heating at 100°C. For
medium samples, confluent plates were cultured for 16 h, as above except that the
medium contained no FBS. The samples for SDS/PAGE were concentrated using
MicroSep centrifugal 10 kDa concentrators (Filtron). All samples were analyzed by 8%
SDS/PAGE and immunoblotting with a monoclonal anti-V5 antibody (Invitrogen).

4.1.7 Immunofluorescence staining of the recombinant
LOXL3 protein (I)
LOXL3 transfected HT-1080 cells seeded on glass coverslips and grown to the desired
density were fixed in pre-cooled methanol at -20°C and incubated in 2% BSA-PBS, pH
7.2, to reduce nonspecific staining. A monoclonal anti-V5 antibody was applied at an
appropriate dilution, and the samples were incubated for 1 h at room temperature,
followed by extensive washing with PBS. Fluorescein isothiocyanate (FITC)-conjugated
goat anti-mouse secondary antibody was allowed to bind to the specimens for 1 h at room
temperature. After extensive washing with PBS, the coverslips were mounted on
microscope slides with Immu-Mount (Shandon) and viewed and photographed using a
light microscope.
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4.2 Generation and analysis of a mouse strain lacking
the Lox gene (III)
4.2.1 Generation of the mutant mice (III)
A genomic clone containing murine Lox gene sequences was isolated from the 129SV
library using human LOX cDNA (Hämäläinen et al. 1991) as a probe. A 10.2 kb fragment
containing the 5’end of the gene was subcloned into BlueScript plasmid (Promega), and
the loxP sequence was inserted into a NsiI site located about 600 bp upstream of the
translation start codon in front of the predicted transcription start sites (Contente et al.
1993). A HSV-tk-neor selection cassette flanked by loxP sites was inserted into a BamHI
site located 90 bp downstream of the first exon (see Figure 1A in III).
The linearized targeting construct was electroporated into R1 embryonic stem (ES)
cells (Nagy et al. 1993). Genomic DNA from the G418-resistant ES clones was digested
with SpeI and hybridized with a B1/SpeI external probe. Cells from correctly targeted ES
clones were electroporated with a pIC-Cre plasmid and grown in the presence of
Gancyclovir. DNA from clones that had survived selection was digested with NsiI and
hybridized with the B1-E1/E1 probe. Cells in which the selection cassette and the first
exon of the Lox gene had been deleted were injected into C57BL/6 blastocysts, which
were then implanted into pseudopregnant females. The resulting chimeras were bred with
C57BL/6 mice to produce heterozygous mutant mice. By using heterozygous siblings,
mutant embryos were obtained. Embryos were genotyped by Southern blotting, and total
RNA was extracted from them. Northern blots from extracted total RNA were prepared
by routine methods (see Figure 1 in III).

4.2.2 Light microscopy (III)
Tissue samples were fixed overnight in 10% buffered formalin and embedded in paraffin.
Sections were stained with hematoxylin-eosin and Masson’s trichrome. The hematoxylineosin-stained aorta sections were examined under ultraviolet light. Processing and
sectioning of Lox+/+ and Lox-/- samples were performed parallelly and were inspected
without knowledge of the genotype. The diameter of the aortic lumen and wall thickness
were measured from the proximal part of the descending aorta. Student’s t-test were used
for establishing significant differences among groups.
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4.2.3 Transmission electron microscopy (III)
Biopsies from the descending aorta of E18.5 embryos were fixed in 2.5% glutaraldehyde
in 0.1 M phosphate buffer, postfixed in 1% osmium tetroxide, dehydrated in acetone, and
embedded in Epon LX112. Thin sections were cut with a Reichert Ultracut
ultramicrotome and examined in a Phillips CM100 transmission electron microscope.

4.2.4 Ultrasonographic examination of the embryos (III)
Anesthesized embryos were examined using an Acuson Sequoia 512 Doppler
ultrasonograph with a 13 MHz linear probe. The embryonic heart was identified by color
Doppler, and the sample volume of the pulsed Doppler was placed over it. The length of
the sample volume was adjusted to cover the entire heart, and the high pass filter was set
at its minimum. Different views of the heart were examined to minimize the angle
between the Doppler beam and the inflow and outflow regions and to obtain their
maximal velocities. The maximal inflow and outflow velocities were recorded using a
sweep speed of 100 mm/s. Different vessels were located on the sagittal view of the
embryo with the help of color Doppler, and blood velocity waveforms were obtained by
the pulsed Doppler method (see Figure 4A in III). Immediately after the ultrasonographic
examination, the dam was sacrificed, the abdomen carefully opened, and the embryos
identified according to their location in ultrasonography.
The ultrasonographic data were analysed using the cardiovascular measurement
package included with the ultrasound equipment. Time-velocity-integrals were measured
from the inflow and outflow blood velocity waveforms by planimetry of the area
underneath the Doppler spectrum. The fetal heart rate was obtained, and the inflow and
outflow mean velocities were calculated. Pulsatility index values were obtained from the
descending aorta, intracranial arteries, and umbilical artery blood velocity waveforms,
and pulsatility index values for veins were calculated from the ductus venosus blood
velocity waveforms. The Doppler ultrasonographic parameters were analyzed statistically
using Student’s t-test.
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5 Results
5.1 The fourth and the fifth lysyl oxidase isoenzymes (I, II)
5.1.1 Molecular cloning of the cDNAs (I, II)
To find additional genes for human lysyl oxidase isoenzymes, the available databases
were searched using sequences of all known human lysyl oxidase isoenzymes. This
search resulted in the identification of three high-throughput genomic sequences
(AC005033, AC005041 and AL139241) and one expressed tag sequence (AL751493),
which were highly similar to the LOX (Hämäläinen et al. 1991), LOXL (Kenyon et al.
1993), and LOXL2 (Saito et al. 1997, Jourdan-Le Saux et al. 1999) sequences. Based on
the information obtained from high-throughput genomic sequences AC005033 and
AC005041 two primer pairs were synthesized, and then used to generate PCR products of
240 and 527 bp in lenght from a human placenta cDNA library. These PCR products were
used as probes to screen the same library. Two LOXL3 cDNA clones covering
nucleotides 825-2574 were obtained and sequenced. Based on the information obtained
from these two cDNA clones and two high-throughput genomic clones, several primers
were tested to obtain the 5’end of the cDNA. By doing this, a 913 bp PCR product
including an overlapping 5’region of the cDNA was obtained. To obtain a 5’RACE
product, the primers AP1 and HLO406R were used in the first round of PCR, and AP1
and LO4RNA1R in the second round, yielding a product of 388 bp.
Based on the information obtained from sequences AL139241 and AL751493 the fulllength LOXL4 cDNA was obtained using several primers, as described in Material and
Methods.
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5.1.2 Molecular characterization of the cDNAs (I, II)
The full-length LOXL3 cDNA obtained was 2574 bp in size, and contained an open
reading frame of 2226 bp. The 5’ noncoding region was 74 bp in length and the 3’
noncoding region 238 bp. The cloned cDNA had no polyadenylation signal, which
indicated that the actual lenght of the 3’ noncoding region is longer than 238 bp. The
open reading frame encoded a polypeptide of 753 amino acids (Figure 1 in I). A putative
signal peptide was present in the N-terminus, and was likely to be cleaved between amino
acids 25 and 26. The size of the processed polypeptide was, therefore, 728 residues, with
predicted molecular mass of 80.3 kDa. The nonprocessed LOXL3 polypeptide shared a
55% overall amino acid sequence identity with the LOXL2 polypeptide, whereas its
residues 1-528 shared no significant identity with the LOX and LOXL polypeptides.
However, the C-terminal residues from 529 to 729 showed a high degree of identity with
the LOX, LOXL, and LOXL2 polypeptides, namely 51%, 53%, and 69%, respectively.
The LOXL4 mRNA is at least 2736 bp in size and contains an open reading frame of
2271 bp. The LOXL4 gene is located on chromosome 10 (based on the sequence
AL139241) and encodes a polypeptide of 756 amino acids, including a signal peptide of
24 residues (Figure 1 in II). The LOXL4 polypeptide shows a high overall identity with
the LOXL2 and LOXL3 polypeptides, the degrees of identity being 63.9% and 65.5%,
respectively. The highest identity is found within the lysyl oxidase (LO) domain, being
85% for LOXL2 and 87.4% for LOXL3 (Figure 1 in II). An extensive similarity of the
LOXL4 polypeptide to the LOX and LOXL polypeptides is found only within the LO
domain, with identities of 51.1% and 50.2%, respectively. In addition, the human LOXL4
polypeptide shows a 93.7% overall identity with a recently reported murine Loxc
polypeptide (Ito et al. 2001), indicating that these two cDNAs encode the same
polypeptide in different species.
As mentioned above, LOXL3 and LOXL4 polypeptides showed a high degree of
overall similarity to each other and to the LOXL2 polypeptide, whereas the two
polypeptides showed a significant similarity to LOX and LOXL only in the C-terminal
region. This region contains a putative copper-binding sequence (Krebs & Krawets 1993)
(WVWHECHGHYH, residues 601-611 in the LOXL3, and WVWHQCHRHYH,
residues 605-615 in the LOXL4 seqeuence), a putative collagen-related copper-affinity
site (Krebs & Krawetz 1993) (GHK, residues 632-634 in the LOXL3, and residues 636638 in the LOXL4 sequence), as well as lysine and tyrosine residues (Lys-634 and Tyr670 in the LOXL3, and Lys-638 and Tyr-674 in the LOXL4 sequence) (note an error in
Figure 1 and text in I and II), which are involved in the formation of the lysine
tyrosylquinone cofactor (Wang et al. 1996), and a growth factor and cytokine binding
sequence (Bazan 1989, 1990, Kim et al. 1995) (C-X9-C-X-W-X26-32-C-X10-15-C, residues
666-727 in the LOXL3, and residues 670-731 in the LOXL4 sequence). All these
residues are highly conserved in all lysyl oxidase isoenzymes (Figure 1 in I and II). In
addition, the putative sites for proteolytic processing by procollagen C-proteinase, Gly447 and Asp-448, were found in LOXL3 sequence (Cronshaw et al. 1995, Panchenko et
al. 1996), but not in the LOXL4 sequence. The 10 cysteine residues present in LOX are
entirely conserved in both polypeptides (Figure 1 in I and II).
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The N-terminal regions of the LOXL3 and LOXL4 polypeptides contains four repeats
of scavenger receptor cysteine-rich (SRCR) repeats (Resnick et al. 1994) that are also
found in the LOXL2 polypeptide (Saito et al. 1997, Jourdan-Le Saux et al. 1999) but not
in the LOX and LOXL polypeptides (Figure 1 in I and II). In this N-terminal region, all
35 cysteine residues are totally conserved between the processed LOXL2, LOXL3 and
LOXL4 polypeptides. In addition, this region of LOXL3 polypeptide contain three
putative O-glycosylation and five putative N-glycosylation sites, and the corresponding
region of LOXL4 polypeptide contain three putative O-glycosylation and two putative Nglycosylation sites. A bipartite nuclear localization signal (Dingwall et al. 1991, Boulikas
1994) was found in LOXL3 sequence (KKQQQSKPQGEARVRLKG, in residues 293311), but was not found in any other lysyl oxidase isoenzymes.

5.1.3 Exon-intron organization of the LOXL3 gene (I)
The LOXL3 gene has 14 exons and is located on chromosome 2p13 based on the
information obtained from the high-throughput sequences AC005033 and AC005041. As
suggested by 5’RACE experiments, this gene may have its first intron within the 5’
untranslated region. To verify the existence of this intron, PCR was performed with pools
of human placental and fetal cDNAs using two pairs of primers. These reactions gave
products with the expected sizes of 971 and 371 bp, thus indicating the presence of this
intron.
The sizes of exons 2-13 vary from 112 to 247 bp, and the sizes of the introns vary
from 79 to 12,440 bp, intron 4 being the longest (Table 1 in I). All the exon-intron
boundaries show the consensus sequence (C/T)AG-exon-GT(A/G), except those of exons
3 and 7, in which the sequence at the 5’ splice donor site is GTC.
The 3’ untranslated region of the LOXL3 gene has a TTATATAAAAA sequence 213
bp downstream of the 3’ end of the cloned cDNA, a TAAATATAT sequence 837 bp
downstream of the 3’ end, and a GCAATAAAGT sequence 904 bp downstream of the 3’
end, all of which may act as polyadenylation signals.

5.1.4 Expression of the mRNAs in various human tissues (I, II)
Northern analyses indicated the presence of only a single LOXL3 mRNA of about 3.1 kb,
and a single LOXL4 mRNA of about 4.0 kb in size. The highest expression levels of
LOXL3 mRNA were seen in the placenta, heart, ovary, testis, small intestine, and spleen.
However, distinct hybridization signals were obtained from all the tissues examined
(Figure 2 in I). The highest expression levels of LOXL4 mRNA among the tissues
studied were seen in the skeletal muscle, testis, and pancreas, whereas no signal was
detected in the brain or in blood leukocytes (Figure 2a in II).
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5.1.5 Recombinant expression of the LOXL3 and LOXL4 polypeptides
in human HT-1080 cells (I, II)
Recombinant expression of the LOXL3 and the LOXL4 polypeptides were studied by
transfecting human HT-1080 cells with a construct that also contained sequences
encoding the V5 epitope and a six-histidine tag at its 3’ end. In addition, recombinant
LOXL4 polypeptide was also studied by transfecting CHO cells and mouse embryonic
fibroblasts with the same construct. Western blots of crude lysates from the transfected
cells by antibodies to the V5 epitope showed the expression of a 97 kDa LOXL3 and
LOXL4 polypeptides, whereas no staining was seen in lysates from nontransfected cells
(Figure 3 in I, and Figure 2b in II). Analysis of concentrated medium samples showed the
presence of two major LOXL3 and LOXL4 polypeptides of slightly larger sizes than the
polypeptides present in the cell lysates, as well as a very minor 97 kDa polypeptides
(Figure 3 in I, and Figure 2b in II). No intracellular or extracellular processing of the
polypeptides were detected in HT-1080 (Figure 3 in I, and Figure 2b in II) or CHO cells,
or in mouse embryonic fibroblasts (data not shown).
Immunofluorescence staining of the LOXL3 transfected HT-1080 cells by a
monoclonal antibody specific for the V5 epitope gave a strong cellular signal, but no
signal could be detected in the nuclei (Figure 4 in I).

5.2 Inactivation of the Lox gene leads to cardiovascular dysfunction
in mice (III)
5.2.1 Generation of mice with an inactivated Lox gene (III)
ES cells carrying an inactivated Lox gene were generated by a two-step targeting method
comprising homologous recombination followed by cre recombination (Figure 1A-D in
III). The targeted ES cells were used to generate chimeras, of which one chimeric male
transmitted the mutation to his offspring when mated with wild-type females. Deletion of
the first exon, including the transcription start sites, led to complete inactivation of the
Lox gene, as seen in the Northern blots (Figure 1E in III). Heterozygous Lox+/- mice,
which are viable and fertile, were crossbred, and the offspring were genotyped at two
weeks of age. The numbers of Lox+/+ and Lox+/- pups (n = 111) were in perfect balance,
comprising 32.4% and 67.6%, respectively, but no Lox-/- pups were obtained.
To study the time of death of the Lox-/- mice, pregnant Lox+/- females were sacrificed
18.5 days after breeding with Lox+/- males, and the embryos were genotyped. Here, a
normal Mendelian ratio of all three genotypes was obtained (26.7% Lox+/+, 45% Lox+/-,
28.3% Lox-/-, n = 127). Pregnant females were then carefully observed during the
assumed day of delivery, and in this way four live-born Lox-/- pups were obtained for
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analysis and three were found dead. In addition, the remnants of three Lox-/- pups were
recovered, which were used for DNA analysis. The gross appearance of the four newborn
Lox-/- pups was normal, but they had cyanotic skin and their condition was poor. They
were breathing, but were sluggish and did not suck milk (Figure 2A in III). Autopsy
revealed large aneurysms (Figure 2B in III) in the aortas of three of the four. A narrowed
lumen was observed in paraffin sections of the abdominal aorta of all four pups, and a
large aneurysmal dilatation, of a diameter approximately 3 times larger than in the aortas
of their wild-type littermates, in sections from two pups (Figure 2C and D in III). The
three neonatal Lox-/- pups that had died immediately after birth had a congenital
diaphragmatic hernia, and two of them also had a large hemorrhage in the upper chest
region.

5.2.2 Histological findings (III)
Since preliminary analyses indicated defects in blood vessels, aortas from embryos at
different stages were taken for detailed analysis. Alterations in the structure of the aortic
wall were already seen at E14.5, which was the earliest time point analyzed, but were
most obvious in the E18.5 embryos. Light microscopy revealed hazy and unruffled
elastin lamellae in the Lox-/- samples, whereas the lamellae in the wild-type aorta were
well defined and ruffled. The wall of the aorta in the Lox-/- embryos was significantly
thicker (P<0.005; see Table 1 in III) and the diameter of the aortic lumen was
significantly smaller (P<0.001; see Table 1 in III) than in the Lox+/+ aortas. Most of the
endothelial cells on the internal elastic lamellae in the Lox-/- aortic wall were rounded in
appearance, whereas those in the Lox+/+ aorta were flat (Figure 3A and B in III). No
diaphragmatic hernias were found in the E16.5-18.5 Lox-/- embryos, even though these
were seen in three out of the seven Lox-/- neonates.
Electron microscopy of the Lox-/- aortas indicated that the elastic laminae were
fragmented, having only remnants of their elastic fibers, and the smooth muscle cell layer
was disorganized. The endothelial cells showed degenerative changes such as
vacuolization, blebbing, and even detachment from the elastic lamina (Figure 3C and D
in III). No major differences in the collagen fibers of the aortic adventitia were seen
between the Lox-/- and Lox+/+ embryos by electron microscopy.

5.2.3 Ultrasonographic findings (III)
Since the Lox+/- adult mice seemed to be fertile and have a normal life-span, we
continued to compare the data from Lox-/- and Lox+/+ embryos only. No difference in fetal
heart rate was found between the two groups, but the pulsatility indices for the
descending aorta, umbilical artery, and intracranial arteries were significantly higher, and
the mean outflow and inflow velocities were significantly lower in the Lox-/- embryos
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(Table 2 in III). In addition, embryos with the highest pulsatility indices in the descending
aorta had semilunar valve regurgitation. The pulsatility indices for veins in the ductus
venosus were found to be significantly higher in the Lox-/- embryos (Table 2 in III), and
were diagnosed as a sign of congestive heart failure. In addition, embryos with the
highest pulsatility indices in the descending aorta had semilunar valve regurgitation (see
Figure 4B-C in III).

6 Discussion
6.1 Cloning and characterization of the fourth and the fifth lysyl
oxidase isoenzymes (I, II)
6.1.1 Primary structures of the LOXL3 and LOXL4 polypeptides (I, II)
We identified two additional human lysyl oxidase isoenzymes; lysyl oxidase-like 3
protein (LOXL3) and lysyl oxidase-like 4 protein (LOXL4). Our findings were largely
supported by Huang et al. (2001) and Jourdan-Le Saux et al. (2001), concerning the
characterization of LOXL3 isoenzyme, and by Asuncion et al. (2001), concerning the
characterization of LOXL4 isoenzyme. Furthermore, the mouse lysyl oxidase-related
protein 2 identified by Jang et al. (1999) was found to be orthologous to human LOXL3
(Huang et al. 2001, Jourdan-Le Saux et al. 2001).
The LOXL3 and LOXL4 polypeptides have a high overall similarity to each other, but
also to the LOXL2 polypeptide, and each of them has four conserved SRCR domains at
their N-terminal region (see Figure 5, and Figure 1 in II). LOXL3 and LOXL4, however,
share a significant similarity to isoenzymes LOX and LOXL only in the C-terminal
region, which contains the putative copper-binding region (Krebs & Krawetz 1993), the
lysine and tyrosine residues that form the lysine tyrosylquinone cofactor (Wang et al.
1996), and a growth factor and cytokine binding domain (Bazan 1989, 1990, Kim et al.
1995). These features of the catalytic i.e. LO domain are highly conserved within all lysyl
oxidase isoenzymes (Figure 5).
The existence of a putative signal sequence and four SRCR domains suggests that the
LOXL3 and LOXL4 isoenzymes are extracellular proteins (Figure 5). SRCR domains
have been reported to be able to interact with other proteins (Resnick et al. 1994, Yamada
et al. 1998), and therefore LOXL3 and LOXL4 may be involved in the binding and crosslinking of cell surface and extracellular matrix proteins. Interestingly, LOXL2 has been
suggested to be involved in cell adhesion based on its significantly higher expression
levels in adherent than nonadherent cell lines (Saito et al. 1997). Based on these data,
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Saito et al. (1997) proposed that the LOXL2 function may involve posttranslational
modification of extracellular matrix components or other cell membrane proteins. This
would be also a plausible function for LOXL3 and LOXL4 because of their SRCR
domains.

Fig. 5. The lysyl oxidase family. The predicted signal peptides are represented by black boxes,
and four scavenger receptor cysteine-rich regions (SRCR) in LOXL2, LOXL3, and LOXL4,
the propeptide region in LOX, and the proline-rich region in LOXL are also indicated. The
sites of the putative copper-binding region (Cu), the lysine tyrosylquinone cofactor formation
(LTQ), and the cytokine receptor-like domain (CRL) are highly conserved between all lysyl
oxidase proteins. The number of amino acids in each protein is indicated on the right.

6.1.2 The structure of the LOXL3 gene, and expression of LOXL3 and
LOXL4 mRNAs in various tissues (I, II)
According to the information gained from HTGS sequences, the LOXL3 gene has 14
exons, and it is located on chromosome 2p13. The gene encodes a single 3.1 kb mRNA
identified in Northern blots from several tissues. The size of the mRNA corresponds well
to the size of 2.8 kb for an mRNA lacking the poly(A)+ tail, assuming that the first of the
three potential polyadenylation signals is used. Northern analyses indicated the highest
expression levels of the LOXL3 mRNA in the placenta, heart, ovary, testis, small
intestine, and spleen. Distinct hybridization signals were, however, obtained from all
tissues examined.
Based on the HTGS sequence, the LOXL4 gene is located on chromosome 10. It
codes for a single mRNA of approxymately 4.0 kb in size, which is expressed in most
human tissues studied, the highest expression levels were seen in skeletal muscles, testis,
and pancreas. No expression, however, was detected in the brain or blood leukocytes. Our
findings disagree with those made by Ito et al. (2001) concerning the corresponding
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mouse gene, Loxc, that was reported to show a cartilage specific expression. Because the
corresponding human gene is expressed in many different human tissues, it would seem
appropriate to call this new polypeptide LOXL4 rather than LOXC.

6.1.3 Recombinant expression of the LOXL3 and LOXL4
polypeptides (I, II)
Western analyses of lysates from both the LOXL3- and LOXL4-transfected HT-1080
cells showed the expression of a 97 kDa polypeptide. This size is slightly larger than the
estimated overall molecular masses of 83.6 kDa for LOXL3 and 84.5 kDa for LOXL4.
The differences are probably due to the V5 epitope and the histidine tag located at the Cterminal end of the recombinant polypeptides. Analysis of concentrated medium samples
showed the presence of at least two major LOXL3 polypeptides and at least one LOXL4
polypeptide slightly larger in size than the corresponding polypeptides present in the cell
lysates, as well as a very minor 97 kDa polypeptide. Since both recombinant polypeptides
have several putative glycosylation sites, it is possible that these differences in sizes are
due to utilization of the glycosylation sites.
The 50 kDa precursor of human LOX is cleaved by procollagen C-proteinase between
Gly-168 and Asp-169 to yield a non-glycosylated, 32 kDa mature enzyme (Cronshaw et
al. 1995, Panchenko et al. 1996). Two putative Gly-Asp processing sites are found in the
bovine LOXL polypeptide (Borel et al. 2001), while one such site is present in the human
LOXL2 polypeptide (Jourdan-Le Saux et al. 1999), but the possible utilization of none of
these sites has been demonstrated experimentally. The bovine LOXL protein was found
to be largely inactive, but was activated by processing with procollagen C-proteinase,
suggesting that one or both of these sites may be involved in the processing event (Borel
et al. 2001). A similar potential cleavage site for procollagen C-proteinase was also found
in the LOXL3 polypeptide. If proteolytic processing of the LOXL3 polypeptide occurred
between Gly-447 and Asp-448, the predicted size of the cleaved product would be 306
amino acids, with a theoretical molecular mass of 34.8 kDa. However, no intracellular or
extracellular processing of the LOXL3 polypeptide was detected during recombinant
expression in the transfected HT-1080 cells or by the addition of conditioned medium of
human primary skin fibroblasts (data not shown).
The consensus sequence for the procollagen C-proteinase cleavage site may not be
highly conserved (see Borel et al. 2001 for details). Therefore, despite of the lack of any
potential procollagen C-proteinase cleavage site in the LOXL4 polypeptide, this
isoenzyme was also tested for possible processing by recombinant expression in HT-1080
and CHO cells and in mouse embryonic fibroblasts (data not shown). No intracellular or
extracellular processing of the LOXL4 polypeptide was detected in these cells. The
results do not, however, exlude the possibility that the nonrecombinant LOXL3 and
LOXL4 polypeptides may be processed in some other cell types, and thus further studies
are needed to exclude or demonstrate the processing event.
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The N-terminal region of the LOXL3 polypeptide contains a bipartite nuclear
localization signal (KKQQQSKPQGEARVRLKG), which is not found in any other lysyl
oxidase isoenzyme. Despite the existence of the nuclear localization signal, our results
suggest that LOXL3 may not contribute to the lysyl oxidase activity identified in the
nucleus, which has been shown to be due at least in part to the LOX polypeptide (Li et al.
1997). The present data do not exclude the possibility that the nonrecombinant LOXL3
polypeptide may be found in the nuclei of cells of some other type, and thus further
studies are needed to either exclude or identify a nuclear location.

6.2 Lack of Lox activity leads to a severe cardiovascular dysfunction
and perinatal death in mice (III)
The consequence of inactivation of the Lox gene, neonatal lethality, was highly
surprising, considering that Lox has at least four additional isoenzymes, as discussed in
previous sections, mice lacking elastin survive for up to four days (Li et al. 1998), and
mice totally lacking type III collagen can survive for up six months (Liu et al. 1997b).
Our results show that Lox has an essential function in the development of the embryonic
cardiovascular system, and particulary in the maintenance of the structure and mechanical
properties of the aortic wall. Deficiency in lysyl oxidase activity is likely to affect several
aortic wall components, including its major components elastin and collagen types I and
III (see Jacob et al. 2001, Silver et al. 2001 for review), but may also affect components
found in minor amounts. The early development of the aorta, and the translation and
secretion of the aortic wall extracellular matrix components, are likely to occur normally
in Lox-/- embryos, as evidenced by the normal number of elastic lamellae and smooth
muscle cell layers. Elastin exists in elastic fibers in two forms: as tropoelastin, a soluble
precursor of elastin, and as a highly cross-linked elastin in the amorphous component
(Cleary & Gibson 1996, Vrhovski & Weiss 1998). Assembly of tropoelastin into the
amorphous component involves covalent cross-linking into a highly insoluble form
(Cleary & Gibson 1996, Vrhovski & Weiss 1998). Lox has been localized
immunologically to the mature elastic fibers (Kagan et al. 1986, Baccarani-Contri et al.
1989), and the formation of lysyl oxidase-catalysed cross-linking has been suggested to
play a critical role in the nucleation of the elastin assembly (Brown-Augsburger et al.
1995). Our results, therefore, suggest that other lysyl oxidase isoezymes may also play a
role in elastin cross-linking, since the amorphous and insoluble component of the elastic
fibers exists in Lox-/- embryos, as seen in Figure 6. It is possible that the diminished
amount of cross-links in Lox-/- embryos increases the susceptibility of elastin to
degradation by matrix metalloproteinases (Tinker et al. 1990, Grange et al. 1997), which
would lead to the fragmentation of the elastic fibers. As a result, the fragmented elastic
fibers are probably unable to bear the hemodynamic stress, which leads to dilatation and
rupture of the aortic wall. A similar destruction of the elastic fibers, as is seen in the aortic
walls of the Lox-/- embryos, has been hypothesized to play a key role in the formation of
an aneurysmal aortic dilatation, thus shifting the load produced by the blood pressure
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onto collagens, with consequent dilatation and eventually rupture of the aortic wall
(MacSweeney et al. 1992, 1994). Disintegration of the intimal and medial elastic
lamellaes, to which the endothelial cells and smooth muscle cells attach, also results in
the degeneration of endothelial cells and disorganization of smooth muscle cells. In
elastin null mice, smooth muscle cells proliferate and thereby stabilize the arterial
structure, but finally obliterate the arterial lumen (Li et al. 1998). We did not observe any
significant compensatory smooth muscle cell proliferation in the Lox-/- aortas, probably
because normal amounts of elastin were produced, at least during the early stages. It has
been suggested that elastin may control the proliferation of vascular smooth muscle cells
(Li et al. 1998), but polymerization does not seem to be necessary for this regulatory
function.

Fig. 6. Structure of the aortic wall of the Lox+/+ and Lox-/- E18.5 embryos. Upper panels:
Sections from the descending aorta at the site of the right crus of the diaphragm, stained with
hematoxylin-eosin and illuminated in UV light. The lumen of the aorta is marked with an
asterisk, and the single intimal elastic lamella is boxed. Lower panels: Electron micrographs
from the site of a single elastic fiber from the boxed sections in upper panels: Amorphous
elastin (aEL) in a continuous elastic fiber is seen in the Lox+/+ aortic wall (left). Despite the
high degree of fragmentation of the elastic fiber, the remnants of the amorphous elastin
(arrows) are still seen in the Lox-/- aortic wall (right).
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To study the actual physiological consequences of structural abnormalities found in
the Lox-/- aortic walls, we decided to use ultrasonographic studies. Increased pulsatility
indices were measured in the umbilical artery, descending aorta, and intracranial arteries
in Doppler ultrasonography of the E18.5 Lox-/- embryos. By comparison, although
increased impedance of the umbilical artery and descending aorta is also found in human
pregnancies with placental insufficiency, it is connected with a concomitant decrease in
pulsatility indices in the cerebral circulation, as the fetus aims to maintain an adequate
oxygen supply to the coronary and cerebral circulation (Reed 1997). Therefore, the
universally increased arterial pulsatility indices observed in the Lox-/- embryos are likely
to be due to abnormal elastic properties of the arterial walls, as discussed above, and not
due to placental insufficiency.
The decreased mean velocities in the inflow and outflow regions suggest a lower
cardiac output in Lox-/- than in Lox+/+ embryos. In order to maintain adequate blood
supply and tissue perfusion, arterial blood pressure should be increased, as suggested in
fetuses with intrauterine growth restriction and lower relative pulse amplitude in the
descending aorta (Stale et al. 1991). The increase in systolic blood pressure in the Lox-/embryos, in combination with aortic wall fragility, would then lead to the formation of
aortic aneurysms and ruptures, which are otherwise rare in newborns. A decrease in the
resilience of the arterial walls will lead to an increased afterload on the heart, as
evidenced by the fact that the two Lox-/- embryos with the highest pulsatility indices in the
descending aorta, and thus the greatest rise in the afterload, also had semilunar valve
regurgitations. Furthermore, the increased pulsatility indices for veins in the ductus
venosus imply an increase in systemic venous pressure, indicating congestive heart
failure (Reed et al. 1997, Kiserud et al. 1999), which may contribute to the death of Lox-/mice at the end of gestation or during delivery.
Reduced lysyl oxidase activity is found in animals with copper deficiency, in
lathyrism, and in two X-linked, recessively inherited human disorders, Menkes syndrome
and OHS, as discussed in Section 2.5. Lathyrism is caused by administration of βAPN, a
potent irreversible inhibitor of the LOX enzyme, while the low lysyl oxidase activity
levels in Menkes disease, OHS, and copper-deficiency are secondary to abnormalities in
copper metabolism. In all these conditions, all lysyl oxidase isoenzymes are thought to be
affected, but their activities are not completely abolished. The present study provides the
first evidence indicating that the lack of activity of the single isoenzyme Lox leads to
major defects in the vascular elastic fibers. Mottled blotchy mice, a mouse model for
OHS, die of aortic ruptures before six months of age, and the histological findings of
early changes in their aortas (Brophy et al. 1988) are similar to those seen here in the
Lox-/- embryonic aortas and closely resemble the pathological alterations in elastic fibers
found in human aneurysms. In blotchy mice, the level of total lysyl oxidase activity in the
aortic tissue is decreased by 59% (Moursi et al. 1995), but since these mice are born
without aneurysms or other cardiovascular abnormalities, this level of activity must be
sufficient during embryogenesis. Our data suggest that significantly reduced activity of
the human LOX enzyme may also contribute to cardiovascular symptoms, and therefore
alterations in LOX activity may play a critical role in human cardiovascular diseases.
All lysyl oxidase isoenzymes are likely to be able to use both elastin and collagens as
their substrates, as has so far been shown for three of the five isoenzymes (Kagan 1986,
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Borel et al. 2001, Ito et al. 2001). Our data indicate, however, that the Lox functions were
not compensated for by other isoenzymes, at least not to any significant extent. Thus, Lox
clearly has a central role among the isoenzymes in the development of the cardiovascular
system during embryogenesis, and the functions and significance of the other isoenzymes
remain to be explored.
In conclusion, the pathophysiological sequence of events in the cardiovascular system
of Lox-/- embryos suggests that deficient cross-linking of elastin and collagens causes a
decline in the resilience and tensile strength of the arterial walls that leads to endothelial
cell damage and disorganization of the smooth muscle cells, and causes severe
abnormalities in the cardiovascular functions, finally contributing to perinatal death. In
some of the cases, a diaphragmatic hernia may contribute to neonatal lethality. Our
findings suggest that alterations in LOX activity may also play a critical role in human
cardiovascular diseases. Therefore, this mouse model will be a useful tool for further
studies.

7 Future perspectives
To this date, five human lysyl oxidase isoenzymes have been characterized (Hämäläinen
et al. 1991, Mariani et al. 1992, Kenyon et al. 1993, Saito et al. 1997, Jourdan-Le Saux et
al. 1999, Asuncion et al. 2001, Huang et al. 2001, Jourdan-Le Saux et al. 2001, papers I
and II in present study). All these isoenzymes are likely to be able to use both elastin and
collagens as their substrates, as has so far been shown for LOX (Kagan 1986), LOXL
(Borel et al. 2001), and LOXL4 (Ito et al. 2001). The primary structures of the LOX and
LOXL polypeptides differ dramatically from those of the most recently characterized
isoenzymes LOXL2, LOXL3, and LOXL4. The differences in the structural properties of
these isoenzymes may indicate differences in their functions or their location in the
extracellular matrix. This would be plausible since LOX is known to have a very broad
substrate specifity (see Smith-Mungo & Kagan 1998 for review) and may have
unidentified intracellular (Wakasaki & Ooshima 1990b) or intranuclear substrates (Li et
al. 1997). The use of monoclonal and polyclonal antibodies prepared against the recently
identified isoenzymes should provide more information about their tissue distribution,
their expression in various cell types, and even their location within the cell. Further
purification of the new isoenzymes would provide a proper tool for their extensive
functional and biochemical characterization.
Since the lack of Lox activity leads to highly fragmented elastin fibers in the aorta, it
can be assumed that abnormalities in elastic fibers may be found also in other tissues. The
manifestations in lathyrism, Menkes disease, and OHS include several defects associated
with abnormal elastic fibers, but also defects in collagens in various tissues. Although no
major abnormalities were observed in collagen fibers of Lox-/- embryos by electron
microscopy, further immunological and biochemical analyses of collagens are needed.
Therefore, further detailed and extensive analyses of Lox-/- embryos may provide
essential information about possible specific roles of Lox in various cell and tissue types,
and in certain developmental stages of the growing embryo.
The heterozygous adult Lox+/- mice may turn out to be valuable animal models for
research on certain cardiovascular diseases. By using the Cre/loxP-method, a conditional
or tissue-specific knockout mouse model could be produced in the future, thus giving the
opporturnity to analyze the consequences of the lack of Lox activity in adult mice.
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