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The extracellular matrix (ECM) is a fundamental component of tissue microenvironments
and its dysregulation has been implicated in a number of diseases, in particular cancer.
Tumour desmoplasia (ﬁbrosis) accompanies the progression of many solid cancers, and is
also often induced as a result of many frontline chemotherapies. This has recently led to an
increased interest in targeting the underlying processes. The major structural components
of the ECM contributing to desmoplasia are the ﬁbrillar collagens, whose key assembly
mechanism is the enzymatic stabilisation of procollagen monomers by the lysyl oxidases.
The lysyl oxidase family of copper-dependent amine oxidase enzymes are required for
covalent cross-linking of collagen (as well as elastin) molecules into the mature ECM. This
key step in the assembly of collagens is of particular interest in the cancer ﬁeld since it is
essential to the tumour desmoplastic response. LOX family members are dysregulated in
many cancers and consequently the development of small molecule inhibitors targeting
their enzymatic activity has been initiated by many groups. Development of speciﬁc small
molecule inhibitors however has been hindered by the lack of crystal structures of the active
sites, and therefore alternate indirect approaches to target LOX have also been explored. In
this review, we introduce the importance of, and assembly steps of the ECM in the tumour
desmoplastic response focussing on the role of the lysyl oxidases. We also discuss recent
progress in targeting this family of enzymes as a potential therapeutic approach.

The extracellular matrix as the ‘fundamental
substance’
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The amorphous material present between cells in tissues and organs was initially referred to in 1852
as ‘Grundsubstanz’, translating roughly to ‘basic or fundamental substance’ [1]. 70 years on, a molecule from this substance was isolated and termed a ‘spreading factor’, later recognised as the enzyme
hyaluronidase [2]. Much has been learnt since 1852 about the ‘fundamental substance’ or extracellular
matrix (ECM). We now know that the ECM is a complex mix of supramolecular structures composed
of proteins such as collagens, elastin and microﬁbrillar proteins, as well as proteoglycans and glycoproteins. Many of these have now been intimately characterised, including the downstream pathways
that they inﬂuence. In particular, it has been established that the ECM is essential in controlling tissue
homeostasis, is necessary for facilitating not only cross-talk between cells, but also their migration and
invasion, and ﬁnally in modulating transport of molecules into and out of the cell [3].
In most solid tumours, there is extensive deposition and remodelling of the ECM which both
precedes and accompanies tumour onset and progression [4]. Tumour desmoplasia (ﬁbrosis) is primarily composed of ﬁbrillar collagens, secreted by both cancer cells and co-opted cancer-associated
ﬁbroblasts (CAFs) into the extracellular space. This desmoplasia increases tissue stiffness, decreases
vascularity thereby reducing frontline therapy delivery, and typically creates a physical encapsulation
in and around the tumour. At the molecular level this ﬁbrosis enhances tumour growth and metastasis
through the activation of powerful intracellular signalling networks [5]. Consequently the development
of novel strategies to counteract and/or disrupt this tumour ﬁbrosis should increase the efﬁcacy of our
frontline adjuvant therapies [6].
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The ﬁbrotic ECM at the molecular level

Underpinning the biochemistry and biomechanics of tissues is the fundamental ‘glue’ (ECM), which gives
structure and a point of assembly for other ECM molecules. The major ‘glue’ component is the collagens
(kolla, glue; gennen, producing), and they are the most abundant protein in the animal kingdom. To date, the
collagen family consists of 28 discrete members, that vary in molecular mass, in their expression proﬁles, and
in the number of supramolecular structures that they are organised into [7]. Collagen type is numbered in
Roman numerals and reﬂects the historical sequence of their biochemical characterisation (ranging from
I-XXVIII [8]). First to be discovered were the ﬁbrillar collagens, taking their name from the string-like ﬁbres
that were resolved by X-ray diffraction and electron microscopy [9]. In addition to ‘ﬁbrillar’ collagens, the 28
genetically distinct collagens are also categorised into networking forming, ﬁlament forming, multiplexins,
transmembrane and ﬁbril associated collagens [10–12]. Consistent amongst all subtypes is the distinctive
Gly-X-Y (X-Y predominantly being proline or hydroxyproline) sequence in each of the procollagen chains,
arranged in a repeating motif, resulting in the abundance of glycine, proline and hydroxyproline. A single collagen (tropocollagen) molecule is tri-helical, consisting of 3 procollagen molecules wound together in a tight
helix. The high glycine content of procollagen is key to the stabilisation of the collagen helix, which drives the
close association of the individual procollagen alpha chains within each ﬁbril through hydrogen bonding, and
facilitates the formation of subsequent lysyl oxidase (LOX) family catalysed intermolecular cross-links. In
certain subtypes of collagen, such as the ﬁbrillar collagens, these tropocollagens are arranged in long ﬁbre-like
orientations, and in others such as the multiplexins, they are arranged in a discontinuous Gly-X-Y motif resulting in sheet-like arrangements [7]. The arrangement of collagens into quaternary structures varies by subtype
and is in part, the result of different post-translational modiﬁcations [13].
In addition to differing amino acid residues and post-translational modiﬁcations, the different members of
the collagen superfamily are integrated and decorated with other ECM molecules allowing for a diverse range
of ECM structures with varying mechanical and biochemical properties [14,15]. For example, in bone, minerals
such as hydroxyapatite are incorporated into collagen networks and crystals grow in parallel to the collagen
ﬁbrils resulting in a rigid structure [16]. In the cornea, collagen I binds to, and closely associates with proteoglycans, speciﬁcally dermatan and keratin sulphate proteoglycans. These proteoglycans have been shown to
control aggregation of collagen ﬁbril bundles and deﬁne their spatial organisation resulting in a ﬂexible, transparent material that forms a curvature [17–19]. As well as the association of other molecules with collagen, the
speciﬁc blend of collagen family members in different tissues is crucial to tissue formation, and the resulting
properties that underlie and regulate speciﬁc organ and tissue function. For example cartilage is predominantly
formed of collagen II (thin ﬁbrils that give tensile strength) embedded within a proteoglycan mix of decorin
and ﬁbromodulin that provides cushioning [20].
With 28 members of the collagen superfamily coded by over 45 different genes, a full review of each is
beyond the scope of this manuscript. The collagen superfamily, it’s corresponding genes and their mutations,
as well as role in disease has been comprehensively covered here [21]. Of note is that the genes encoding the
procollagen molecules that represent the major target of lysyl oxidases (LOXes), namely COL1A1 and
COL1A2, are implicated in a range of ECM diseases. A number of mutations in these genes and other collagen
encoding genes have been previously described [22]. Importantly, collagen gene mutations lead to a wide range
of diseases including osteogenesis imperfecta, chondrodysplasias and Ehlers–Danlos syndrome [23–26]. In
general, the substitution of a glycine residue represents a large number of these characterised mutations,
whereas lysine substitution (the target of LOXes) appear much less frequently [22].
Complementary to the collagens is elastin, an ECM molecule involved in governing elasticity and recoil in
almost all tissues. Together the tightly controlled balance (both in terms of absolute amounts and relative
amounts) of collagens and elastin provide the necessary tensile strength and elasticity essential to correct organ
and tissue function. Disruption of this balance is all too frequently seen in diseases, and in some cases,
markedly different changes lead to similar phenotypes. For example collagen overexpression leading to matrix
stiffening and loss of recoil in idiopathic pulmonary ﬁbrosis [27], or the loss of elastin, destabilisation of the
ECM and again, loss of tissue recoil in emphysema [28].
Unlike collagen, elastin is an amorphous protein composed of alternating regions of hydrophobic and hydrophilic sequences. Mature elastin is highly cross-linked (by members of the lysyl oxidase family) and often
found in association with microﬁbrils resulting in the elastic properties found in a variety of connective tissues
[20,29]. Elastin progenitors (tropoelastins) associate with ﬁbrillins, ﬁbulins, periostin and ﬁbronectin, which are
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known to play a role in the activation of Lysyl Oxidase (LOX) and Lysyl Oxidase Like-1 (LOXL1) and thus
facilitate elastin cross-linking [30–33]. LOXL1 has been identiﬁed as a major player in elastin cross-linking [34]
with other LOX family members also playing an important role [35,36].

Assembly of the ﬁbrillar collagens

The ﬁrst collagens to be characterised were the ﬁbrillar collagens. This sub-family consists of seven subtypes
(see Table 1) with Types I, II, and III accounting for over 80% of collagens in the body, with types V, XI, XXIV,
XXVII found in lesser amounts [8]. Fibrillar collagens can be found in abundance in many tissues and are
notable for their quarter staggered ﬁbril arrangement that can be visualised by electron microscopy [9]. They
are differentiated from one another by their chain composition and lysine-derived cross-links that are required
for stabilisation of ﬁbrillar aggregates [37]. Assembly of these ﬁbres requires a number of intracellular and extracellular steps that allow for their post-transcriptional regulation (Figure 1). The process begins with the synthesis
of procollagen molecules comprised of Gly-X-Y repeats, an arrangement consistent among all collagens, with
units repeating 337–343 times depending on the collagen subtype [38]. These molecules are transported to the
rough ER where post-translational modiﬁcation including disulﬁde bond formation and hydroxylation occurs
(Figure 1A). Hydroxylation is dependent on the enzymatic actions of the iron-dependent prolyl-hydroxylases
(P3H and P4H) and lysyl-hydroxylases (LH1, 2, 3) which require ascorbate and alpha-ketoglutarate as cofactors
(Figure 1A) [39–41]. Glycosylation of selected hydroxylysine residues also occurs during this stage, which is
largely dependent on the collagen type, and is thought to be important for integrity [42]. Assembly of the triple
helix is then initiated at the C-terminal region and in ﬁbrillar collagen folding occurs in a C-terminal to
N-terminal direction. Heat shock protein 47 (HSP47), a collagen speciﬁc chaperone is thought to stabilise the
newly folded collagen helices and thus prevent their premature aggregation (Figure 1B) [43]. The collagen
trihelices then transit to the golgi network and are released from HSP47 for packaging into secretory vesicles,
where they are then exported into the extracellular space (Figure 1) [44]. Once in the extracellular space the
procollagen trihelices are typically processed by ADAMTS-2, -3, and -14 at their N-terminal domains, and
bone morphogenetic protein 1 (BMP1)/tolloid-like proteinases at their C-terminal domains to release mature
tropocollagen molecules (Figure 1C) [45].
The ﬁnal enzymatic stage of collagen ﬁbril assembly is then carried out by the lysyl oxidase family (Figure 2) [46].
The closely packed, parallel tropocollagen molecules self-assemble in an un-cross-linked conﬁguration before
the oxidative deamination action of LOXes converts lysines to allysines (Figure 2 (1 and 2)) which then leads to
the spontaneous condensation with neighbouring allysines (Figure 2 (3)) facilitating the formation of a covalent
bond (Figure 2 (4)). Over time this bond then matures resulting in closely packed ﬁbrillar covalent assemblies
(Figure 2). Of note here, is that the self-assembled tropocollagens, and elastin coascervates are the favoured
substrates of LOXes, in preference to the soluble tropocollagen and tropoelastin monomers [47].

Table 1 Classification of Collagen family members and their tissue localisation (compiled from [48–58])
Classification

Collagens

Tissue distribution

Fibril forming

I, II, III, V, XI, XXIV, XXVII

Connective tissues e.g. tendon, ligaments (I), cartilage (II, XI,
XXVII), embryonic skin (III, V), cornea (I, V, XXIV, XXVII), bone
(I, XXIV),

Network
forming

IV (Basement membrane), VI (beaded),
VII (anchoring), X (Hexagonal
networks)

Connective tissue, endothelium and epithelium (IV), skeletal
muscle (VI), dermis (VII), cartilage (X)

Fibril associated

IX, XII, XIV (FACIT), XVI, XIX, XXI, XXII
(FACIT-like)

Cartilage (IX), skeletal muscle (XII, XIX), connective tissues
(XIV, XVI), vascular smooth muscle (XXI), tissue junctions
(XXII)

Multiplexins

XV, XVIII

Heart, smooth muscle, placenta (XV), eye (XVIII)

Transmembrane

XIII, XVII, XXIII, XXV

Neuromuscular junctions (XIII), epithelia (XVII), precursor of
amyloid plaque (XXV)

Other

XXVI, XXVIII

testis and ovary (XXVI), dorsal root ganglia and peripheral
nerves (XXVIII)
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Figure 1. Collagen molecule synthesis and assembly.
(A) Procollagen alpha chains assemble within the endoplasmic reticulum where they are stabilised as tropocollagen trihelices
by the formation of disulﬁde bonds and via hydroxylation by the iron-dependent prolyl-hydroxylases (P3H and P4H) and
lysyl-hydroxylases (LH1, 2, 3). (B) Heat shock protein 47 (HSP47) acts to stabilise the newly folded tropocollagen helices,
before transit to the golgi apparatus and packaging into secretory vesicles. (C) Once secreted into the extracellular space,
tropocollagen processing at the N-terminal domain by ADAMTS-2, -3, and -14, and BMP1/tolloid-like proteinases at their
C-terminal domain releases the mature tropocollagen molecule for assembly into ﬁbrils and subsequently ﬁbres (see Figure 2).

The binding of glycosaminoglycans to collagen molecules plays a role in regulating their spatial distribution
and bundling during ﬁbril to ﬁbre assembly. In addition, the tissue transglutaminases (such as TG2) are
responsible for the catalysis of post-translational modiﬁcations including the formation of inter-collagen
isopeptide bonds formed via the cross-linking of other lysines to a glutaminyl residue, which is also important
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Figure 2. Collagen cross-linking is catalysed by the lysyl oxidases and required for collagen ﬁbril assembly.
(1) Oxidation of a tropocollagen lysine residues in the telopeptide regions is catalysed by members of the Lysyl Oxidase family. (2) Catalysis results
in production of a reactive allysine residue. (3) Two allysine residues on adjacent tropocollagen molecules spontaneously condense which leads to
(4). the formation of a covalent bond. These covalent bonds then go onto mature in a LOX family independent manner. It is important to note that
other unmodiﬁed lysine/hydroxylysine residues in the helical regions are also important in collagen ﬁbre assembly but are not themselves oxidised
by lysyl oxidases.

for the covalent cross-linking of collagens [59,60]. This hierarchical assembly enables regulation at several
levels, and facilitates the recruitment and binding of accessory molecules such as proteoglycans to allow
incorporation into the assembling collagen ﬁbres. Consequently, this regulation allows for establishment of
discrete tissue-speciﬁc ECM structures that yield material properties speciﬁcally suited to tissue or organ
function [7,12,14].

The lysyl oxidases in elastin assembly
Another highly regulated, structural component of the ECM is elastin. Elastin is a biopolymer comprised of
tropoelastin monomers, and is crucial to the elastic properties of the ECM [61]. The primary amino acid
sequence of tropoelastin is rich in proline, valine and glycine residues, with hydrophobic domains interspaced
with hydrophilic, lysine-rich domains. Elastin is also cross-linked and stabilised by the lysyl oxidases (Figure 3)
resulting in chemically resistant and durable elastin networks [62]. The elastic properties of elastin are necessary for its functional role in tissues such as the lungs, ligaments and vascular tissues. The primary role of

Figure 3. Tropoelastin cross-linking is catalysed by lysyl oxidases ( predominantly LOX and LOXL1) to facilitate the formation of mature
elastin networks.
(1) Oxidation of a lysine residue from a tropoelastin molecule is catalysed by lysyl oxidase family members. (2) Catalysis results in the production of
a reactive allysine residue. (3) Allysine residues on adjacent tropoelastin molecules spontaneously condense. (4) Condensation leads to the
formation of a covalent bond and stabilisation of the elastin network.
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elastin is to provide elastic recoil in tissues, but elastin is also known to regulate the activity of TGFβ via its
association with microﬁbrils, and to support cell adhesion, migration and differentiation via the
microﬁbril-elastin interface through interactions with integrin receptors [63–65]. As mentioned above, the loss
of elastin underpins diseases such as emphysema, and the degradation of elastin has been shown to play an
important role in lung cancer, whereby its breakdown into fragments has be shown to increase invasiveness of
lung cancer cells [66].

Lysyl oxidases and the spontaneous cross-link
For collagen and elastin molecules to assemble they must form covalent cross-links with neighbouring molecules, one of the few steps in their biosynthesis that requires catalysis by an enzyme [15]. As mentioned above,
the lysyl oxidases are responsible for the formation of lysine derived aldehyde and allysines in the ﬁrst step of
collagen and elastin cross-linking [46]. Following their formation, the allysine residues spontaneously react
with lysines or hydroxylysines on adjacent molecules to form an immature cross-link such as dehydrodihydroxylysino-norleucine (deH-DHLNL) and dehydro-hydroxylysino-norleucine (deH-HLNL) [67]. Over
time these cross-links further spontaneously react with remaining lysine or hydroxylysine residues in a
LOX-independent manner to form permanent deoxypyridinoline (DPD) and pyridinoline (PYD) cross-links
[40,41,68]. It has been shown that cross-linking and stabilisation of certain collagens in speciﬁc tissues may
require the action of individual LOX family members. For example, cross-linking and stabilisation of collagen
IV at the 7S dodecamer domain has been shown to be mediated by LOXL2 following extracellular processing
of the LOXL2 SRCR domains [69]. This stabilisation is needed along with peroxidasin-catalyzed sulﬁlimine
cross-linking of the NC1 domain of collagen IV [70,71], in order to form the cross-linked collagen IV networks
that are essential for glomerular basement membrane stability and molecular ultraﬁltration function [72].

The lysyl oxidase (LOX) family
The 5 LOX family members, LOX and LOXL1–4 in humans (an additional LOXL-5 has been identiﬁed as
exclusive to speciﬁc ﬁsh clades) can be broadly categorised into two subfamilies: LOX + LOXL1, and LOXL2–4,
based on their N-termini (see Figure 4). LOX and LOXL1 both contain a propeptide sequence that is cleaved
by bone morphogenic protein-1 (BMP-1), whilst LOXL2–4 do not possess a cleavable propeptide, but instead
contain 4 scavenger receptor cysteine-rich (SRCR) domains (Figure 4) [73]. Pre-processing of the LOXL2 SRCR
domain has been previously reported (discussed above). Additionally, the family members can be loosely differentiated based on the sequence similarity of their catalytic domain consisting of the copper-binding domain
and lysyl tyrosine quinone (LTQ) group [73]. An in depth review of the precise catalytic molecular mechanism
of each of the LOX family members has been previously described [74]. What is important to note is that an
essential aspect of LOX activity is the intracellular incorporation of a central copper ion as a cofactor [75,76]
into the active site. The copper ion is essential for the biogenesis of the LTQ group. Without copper, there is
no enzymatic activity. The binding of copper results in oxidation of the Tyr355 for the formation of the LTQ
cofactor [77,78]. Once formed the enzyme is catalytically able to oxidatively deaminate lysine residues in both
collagens and elastin, as well as hydroxylysine residues in collagen [78–80].
The identiﬁcation of LOX and the four LOXL enzymes with highly conserved catalytic domains suggests that
they all carry out the same, or similar function. However, given the heterogeneity in N-termini (see Figure 4),
it is still unclear whether the different family members display alternate catalysis kinetics, are tissue and/or
developmental-stage dependent, or that these N-termini may be required for substrates other than lysine and
hydroxylysine. Curiously, LOX appears, in one sense, to be the outsider to this family, being of a much smaller
molecular mass (32 kDa) in relation to other family members (63–97 kDa), and lacking the SRCR domain that
coincidentally ﬁrst appeared in parallel with ﬁbrillar collagen during the evolutionary history of multicellular
organisms [81].
Unlike the highly conserved C-terminal domain (64–88% homology), the N-terminal domains of the LOX
family members are quite distinct (see Figure 4). LOX and LOXL1 contain a pro-sequence and signal peptide
domain, as well as a hypoxia response element (HRE) in their promoters, which is thought to be partially
responsible for regulating their expression. In contrast, LOXL2–4 contain four scavenger receptor cysteine-rich
(SRCR) domains as well as a signal peptide domain [82]. The domains that precede the catalytic LOX domain,
some of which are required to be cleaved for release of the mature LOX, are also known to be involved in other
processes [83,84]. For example the pro-peptides of LOX and LOXL1 are cleaved extracellularly [85,86] and have
been shown to interact with a number of partners, including binding to epidermal growth factor (EGF) and the
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Figure 4. Structure of the lysyl oxidase family.
The previously published secondary structure of LOXL2 (PDBID: 5ZE3) is shown. The subsequent prediction of LOX, LOXL1, 3 and 4 structures is
based on sequence homology. Predicted beta strand, alpha helix and turns are shown. Each of the family members possesses a conserved copper
binding domain ( purple box) and a lysyl tyrosylquinone (LTQ) (yellow box) which are critical to the catalytic activity of the C-terminal domain. LOXL2,
3 and 4 contain 4 scavenger receptor cysteine-rich (SRCR) domains which share close (although not identical sequence similarity). LOX and LOX1
possess unique propeptide regions which are cleaved extracellularly for activity.

proteoglycan ﬁbromodulin, as well HSP70. This suggests that they have a number of intra and extracellular
roles [30,86–89]. The pro-peptide domain of LOX in particular has also been heavily implicated in cancer,
having been shown to have an inhibitory function in certain tumours [90,91]. A more in-depth review of the
different functions of the LOX propeptide has been previously published [86]. Interestingly, LOXL2–4 contain
4 SRCR domains, which have a striking resemblance to the binding domain of CD6, a molecule which has
been implicated in cell adhesion and cell growth control. This could suggest that this domain may play a role
in speciﬁc protein–protein interactions, or other novel functions as yet uncharacterised [92,93]. Homologues of
the LOX family catalytic domain are not limited to eukaryotes. They have also been shown to be present in
some bacteria and archaea, organisms with no ﬁbrillar collagens, suggesting that they may have had an alternative role in prokaryotes that was transferred to eukaryotes and then adapted to new functions [81,94,95].
Regulators of the various LOX family members are continually being identiﬁed that function at the transcriptional, post-transcriptional and post-translational level. For example cytokines such as interleukin-1β and
growth factors such as transforming growth factor-β1 have been previously been implicated in the regulation
of expression of LOX family encoding genes in a number of cell types [35,96–100]. At the enzymatic level,
proteolytic removal of the propeptide domain from LOX and LOXL1 by BMP-1 provides a post-translational
regulation mechanism for these LOX family members, and aberrant overexpression of BMP-1 has been associated with progression in clear cell renal cell carcinoma [101]. A comprehensive review of the different stages
of regulation of the various LOX family members has been previously published [35,92,102,103].
In genetic knockout studies, the knockout of Lox in mouse models exhibits perinatal lethality, and demonstrates the importance of LOX-mediated ECM biogenesis in development. Lox −/− mice die shortly after birth
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due to a structurally unstable aorta, impaired diaphragm and connective tissue development. Although the
LOX knockout model is lethal, these data help demonstrate the crucial role of LOX in the early stages of development and gives insight into the importance of their tissue-speciﬁc expression [104]. Interestingly,
Loxl1-knockout studies have demonstrated that LOXL1 has a major role in the synthesis of elastin in the adult
rat aorta [105] and the maintenance of elastic ﬁbre homeostasis in the lower urogenital tract [106]. As well as
pelvic organ prolapse, Loxl1 −/− mice also display enlarged airspaces in the lungs, loose skin, and vascular
abnormalities with concomitant tropoelastin accumulation [34]. Loxl3 −/− mice are also perinatal lethal, with
impaired development of their palate shelves, and severe abnormalities in the cartilage primordia of their
thoracic vertebrae [107]. In addition, Loxl3 −/− embryos show a reduction in the saccular space in the lungs,
supporting a key role for LOXL3 in embryonic lung development [108]. Finally, germline deletion of Loxl2
leads to lethality in approximately half of new-born mice, which was attributed predominantly to congenital
heart defects [109]. Conversely, the same study showed that Loxl2 overexpression triggers male sterility due to
epididymal dysfunction caused by epithelial disorganisation, ﬁbrosis and acute inﬂammation. Interestingly,
despite its role in ECM cross-linking, Loxl2 has been shown to be dispensable for dermal development [110].
To our knowledge, knockout mice are yet to be created for Loxl4.
Supporting these knockout studies has been the identiﬁcation of mutations in various LOX family members.
For example, a heterozygous rare variant in the Lox gene resulting in thoracic aortic aneurysms and dissections
arises from a single p.Ser280Arg mutant [111]. Furthermore, a recently identiﬁed missense variant (exon12:
c.2027G > A) in the human Loxl3 gene was found in a family with the autosomal recessive Stickler syndrome
[112], a disease characterised by ocular, skeletal, orofacial and auditory defects. Of note is that reduced lysyl
oxidase levels have also been implicated in two X-linked recessive disorders; Menkes disease and Occipital horn
syndrome; which are characterised by a mutation in the ATP7A gene that encodes a copper transporter critical
to regulation of copper within the cells, and correct incorporation into the active site of the LOX family
enzymes. There are also studies reporting the inactivation of LOXes via gene methylation in cases such as
gastric cancer [113]. As we develop additional conditional knockin and knockout models, we will undoubtedly
begin to gain a deeper understanding of the role the each of the LOX family members plays in both normal
development as well as disease.

Lysyl oxidases in solid cancers
As originally postulated by Duran-Reynal in 1950, the extracellular components, such as hyaluronidase, are
important in cancer and more than 60 years later the interplay between the ECM and cancer is still being
investigated [114–117]. The importance of the ECM in maintaining tissue homeostasis and therefore its contribution to the hallmarks of cancer has been previously discussed [5,6,118,119]. The lysyl oxidases have been
well documented to play a role in the progression of a number of cancers such as breast, colorectal and pancreatic [82,120–123], however due to their elusive structure, progress on the development of LOX family memberspeciﬁc inhibitors using fragment-based drug design has been limited. Given their critical role in the deposition
of ﬁbrillar collagens, which makes up the majority of all tumour associated desmoplasia, interest in LOX/
LOXLs has also been pursued as a potential biomarker in a number of cancers; for example digestive systems,
ovarian and head and neck squamous cell carcinoma [124–128].
LOX overexpression is known to correlate with hypoxic conditions as a result of the HRE in its promoter
region. Hypoxia is a salient feature of almost all solid tumours, and is known to stimulate both angiogenesis
and metastasis [129,130]. This correlation between hypoxia and LOX expression in tumours has been shown in
pancreatic, gastric and breast cancers [122,131,132]. The correlation between cancer and dysregulation of lysyl
oxidases is well established, although the factors underpinning their dysregulation are continually being elucidated, as is the importance of each individual LOX family member in contributing to speciﬁc events such as
tumour desmoplasia or metastatic dissemination. For example up-regulation of LOXL2 is associated with breast
cancer progression [133]; LOXL1, 3, 4 expression are associated with distant metastasis of gastric cancer [134];
LOXL3 up-regulation is associated with melanoma cell survival [135]; and LOX is associated with poor
outcome in a number of cancers such as colorectal, pancreatic and prostate [121,122,136]. In addition to
understanding the role of the individual LOX family members in different cancer types, it is also important to
understand which of the other family members are able to compensate for the loss of another family member,
and under what circumstances.
Given the importance of this family in solid tumour progression, targeting of the lysyl oxidase family to
block ECM deposition and ﬁbrosis offers high therapeutic value. However, without a fragment-based screening
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approach currently being possible, the majority of small molecule compounds that have been developed to date
have targeted two key features: the copper binding and the LTQ group present within the active site.

Inhibition of lysyl oxidases
For centuries, certain species of legume seeds such as the lathyrus pea have been associated with the development of lathyrism (defective mesenchymal tissue), which was later found to be caused by the presence of high
amounts of β-aminopropionitrile (BAPN) within the seeds [137,138]. It was shown that BAPN was responsible
for the inhibition of covalent bridges formed between collagen chains by the lysyl oxidases, and as a result, the
inhibitory mode of action of BAPN has been of signiﬁcant interest [62,139–141]. Evidence that BAPN preferentially binds to LOXL2 and LOXL3 has been proposed [142], however at present it is generally considered to
be a non-speciﬁc inhibitor of the whole LOX family, as well as a number of other targets.
The use of BAPN as a lathrogenic agent has actually been used in various clinical trials over the years for the
treatment of keloids, hypertrophic scarring, scleroderma and ﬂexor tendon repairs [143,144]. Typically, short
periods of administration show little in the way of side effects. However longer-term administration often
results in biochemical evidence of lathyrism and in some cases serious adverse events in some patients, likely
due to accumulation in tissues. Undeterred, the quest for inhibitors of the LOX family has been pursued
through the development of alternative compounds.
Without a deﬁned active structure of any of the mammalian LOX family members, the synthesis of novel
compounds has taken a number of avenues. Pharmaxis Ltd. (Sydney, Australia) who maintain a pipeline of
mechanism-based inhibitors of amine oxidases has primarily focussed their LOX family inhibitor pipeline
around modifying a haloallylamine structure, known to be capable of inhibiting other amine oxidases
[145,146]. The PXS compounds, including PXS-5153A, PXS-S1A, PXS-S1C, PXS-5120A (PXS-S2A) and
PXS-5129A (PXS-S2B) are a class of LOX family-speciﬁc irreversible mechanistic inhibitors that result in a
covalently bound complex with LOX family members [147]. The PXS compounds have been trialled in a
number of ﬁbrotic diseases including subtypes of cancers and have been characterised based on their different
selectivity proﬁles for the LOX family members [133,148–150]. PXS-5153A, was developed as a LOXL2/LOXL3
dual inhibitor with an IC50 < 100 nmol/L and selectivity for LOXL2 > 40-fold compared with LOX and LOXL1.
PXS-5153A, when administered in a murine Non Alcoholic Steatohepatitis (NASH)-induced liver model, and
murine infarct model, resulted in reduced liver ﬁbrosis as well as improving cardiac output in myocardial
infarction respectively [148]. PXS-S1C a selective inhibitor of LOXL2 with an IC50 of <1 μM, reduced tumour
cell proliferation in a murine oral cancer model as well as reduced oral ﬁbrosis [149,150]. PXS-5120A
(PXS-S2A) has a 500-fold selectivity for LOXL2 over other amine oxidases and was shown to inhibit growth of
primary breast cancer tumours and reduce tumour angiogenesis [133]. Furthermore, two unpublished orally
available LOXL2 speciﬁc inhibitors have recently (Q4 2018) completed double-blind placebo-controlled Phase
Ia/Ib trials for NASH and Idiopathic Pulmonary Fibrosis (IPF), and a third systemic LOX family inhibitor for
myeloﬁbrosis and pancreatic cancer has recently (Q1 2019) entered phase Ia/Ib trials.
PharmAkea (San Diego, U.S.A.) have also focused on the development of LOXL2 inhibitors. Their lead compound PAT-1251, a human LOXL2 speciﬁc inhibitor, has been identiﬁed through fragment-based screening of
compound libraries based around a benzylamine with 2-substituted pyridine-4-ylmethanamines. Their screening
approach has led to a series of over 40 compounds with PAT-1251 and two less potent hits recently proﬁled for
their selectivity [151,152]. PAT-1251 displayed LOXL2 speciﬁcity with an IC50 of 74 nM and a 400-fold selectivity
over LOX. Consequently this compound completed a single-centre, randomised, placebo-controlled Phase Ia/Ib
trial in 2016 with the future intent to treat ﬁbrotic diseases (clinical trial identiﬁer: NCT02852551) [151]. A related
compound, 2-chloropyridin-4-yl) methanamine was shown to have an IC50 of 126 nM [152]. Similarly,
a racemic-trans-(3-((4-(aminomethyl)-6-(triﬂuoromethyl)pyridin-2-yl)oxy)phenyl)(3-ﬂuoro-4-hydroxypyrrolidin1-yl) methanone also showed LOXL2 selectivity over LOX and reduced lung ﬁbrosis in a murine bleomycin
model [151].
More recently, another class of LOX family inhibitors based on an aminomethiophene (AMT) scaffold has
also been published [153]. These molecules have been shown to inhibit LOX at sub-micromolar concentrations,
and in particular, a compound known as CCT365623 was shown to reduce lung metastasis in a murine breast
cancer model [153,154]. A subseries of LOXL2 speciﬁc inhibitors containing an AMTz scaffold has been also
described showing an improved potency toward LOXL2 inhibition via its irreversible binding [155].
Together, these different classes of LOX inhibitor demonstrate that even without deﬁned crystal structures of
active sites, drug screening approaches are successfully identifying novel LOX family small molecule inhibitors.
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Alternative approaches to LOX inhibition
As well as small molecule inhibitors, the development of monoclonal antibodies to target LOX family members
has also been pursued. Of particular note is the monoclonal antibody Simtuzumab (Gilead Sciences), which
allosterically targets LOXL-2 [156] and has been well characterised in colorectal and pancreatic cancers in combination with chemotherapy as well as the treatment of advanced liver disease [157]. However to date, it has
not signiﬁcantly changed outcomes for patients in either case and Gilead halted development in late 2016
(Clinical trial identiﬁer: NCT01672879) [158–160]. It has been proposed that these poor patient outcomes may
be attributed to the weak allosteric binding of simtuzumab to LOXL-2 rather than targeting the active site.
Furthermore, in the pancreatic cancer space, the administration of simtuzumab in late stage, advanced metastatic pancreatic cancer may have been too late to impact already densely packed ﬁbrosis in order to have a
positive effect on progression free survival (PFS) (Clinical trial identiﬁer: NCT01472198).
Many cellular processes, including synthesis of matrix molecules rely on metalloproteinases. As described
above, the LOX family are a set of copper-dependent amine oxidases that rely on cellular uptake of copper for
incorporation. Copper levels within mammals are tightly regulated under normal circumstances. In diseases
such as cancer, these cellular processes are no longer regulated as normal and there have been several reports
on the correlation between copper levels and cancer progression. For example, high serum concentrations of
copper (2–3 fold elevated over normal) have been linked to lymphoma, lung and advanced stage breast cancer
[161–164]. Whilst not the focus of any of these studies to date, the disruption of copper regulation likely facilitates the tumour associated overexpression of cuproproteins, such as the LOX family. Targeting cellular copper
has been investigated using Dp44mt to chelate copper through the formation of a redox-active copper complex
that accumulates in lysosomes resulting in the inhibition of DNA synthesis and cell growth, and overcoming
drug resistance [165–167]. Although the precise role of copper in cancer is not abundantly clear, and is likely
multi-faceted, it has been hypothesised to play a role in the regulation of angiogenic growth factors and
transcription factors such as hypoxia-inducible factor 1 (HIF-1) as well as in the catalytic activity of LOXes.
As such, the chelation of copper has been investigated as a potential anti-cancer treatment with relative
success [168–171].
A number of other copper chelators have been approved for therapeutic use predominantly for the autosomal recessive copper accumulation disorder, Wilson’s disease. This disorder is caused by a mutation in the
ATP7B gene encoding the copper-transporting ATPase 2, which results in accumulation of toxic levels of
copper in the body [172–174]. The compounds D-penicillamine (D-PEN), ammonium tetrathiomolybdate
(ATTM), and zinc acetate have all been shown to deplete bioavailable copper [175–177] and have been successful in the treatment of Wilson’s disease. Copper ions cannot be supplemented by any other metal ion into
cuproproteins to restore their activity [178]. Therefore, copper chelation will lead to the inactivation of copperdependent enzymes such as the lysyl oxidases. Although copper is essential for LOX activity, the molecular
mechanism underpinning how it is involved in oxidative deamination of substrates and its role in forming the
LTQ group cofactor common to all lysyl oxidase family members is not known.
The approach of targeting copper using copper chelators, such as D-PEN or ATTM, has been characterised
in several cancers. D-penicillamine (originally thought to be a LOXL2 speciﬁc inhibitor) was shown to have
anti-angiogenic effects on brain tumour growth in mice [179], but did not increase survival in glioblastoma
patients during a phase II clinical trial [180] (Phase II, clinical trial identiﬁer: NCT00003751). ATTM has been
investigated alone and in combination with adjuvant therapy in Non-Small Cell Lung cancer (Phase I, clinical
trial identiﬁer: NCT01837329), Hormone Refractory Prostate Cancer (Phase II, clinical trial identiﬁer:
NCT00150995), Oesophageal carcinoma (Phase II, clinical trial identiﬁer: NCT00176800), Multiple Myeloma
(Phase I/II, clinical trial identiﬁer: NCT00352742), Colorectal Carcinoma (Phase I/II, clinical trial identiﬁer:
NCT00176774) and is currently being investigated in an ongoing trial in breast cancer [181] (Phase II, clinical
trial identiﬁer: NCT00195091). A related orally bioavailable, second-generation tetrathiomolybdate (ATN-224)
(which was later withdrawn) has also been evaluated in Advanced Melanoma (Phase II, clinical trial identiﬁer:
NCT00383851), Prostate Cancer (Phase II, clinical trial identiﬁer: NCT00405574) and Hepatocellular
Carcinoma (Phase II, clinical trial identiﬁer: NCT00006332). Whilst there were promising, but limited results
in some trials, the role of the lysyl oxidases in these settings was/is not under investigation.
Other novel approaches to targeting the copper uptake of cells have been investigated. For example, the
inhibition of copper uptake via inhibition of copper chaperones (Atox1 and CCS) inhibited lung, leukaemia,
breast and, head and neck cancer cell proliferation in vitro[182]. Targeting the copper coordination complex
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formed between disulﬁram (a redox-modulating agent) and copper enhances the cytotoxicity of gemcitabine in
in vitro glioblastoma assays [183]. Finally, the poly[(2-( pyridin-2-yldisulfanyl)ethyl acrylate)-co-[ poly(ethylene
glycol)]] (PDA-PEG/Cu2+) polymer nanoparticle multi-chelator combination therapy resulted in highly
selective cytotoxicity of ovarian and squamous carcinoma cancer cells in vitro [184].

Conclusion
The lysyl oxidases represent a fundamental step in the biogenesis of collagens (and elastin) in the ECM. They
are critical to the desmoplastic response present in and around many solid tumours, and as such represent a
potentially powerful point of therapeutic intervention to reduce tumour associated ﬁbrosis. Efforts to elucidate
the structure of active LOX family members continue. Homology models [185] and the recently published
structure of the inactive form of LOXL2 [186] have still not determined the true structure of the active enzyme,
nor answered critical questions such as the dynamics of the formation of the LTQ group, crucial to the activity.
However, these studies are giving insights into how this elusive family of unique enzymes may function.
Without a detailed active site structure including the LTQ formation, the targeted development of LOX family
member speciﬁc inhibitors will remain difﬁcult, as will understanding the mechanism by which already known
inhibitors act upon different family members. The mechanism by which the lysyl oxidases act on their natural
substrates (collagens/elastin) has been proposed, yet it is still unclear exactly how this may, if at all, be different
between family members and what the importance of the distinct N-termini play in this context. Successful
production of active recombinant protein will enable high throughput drug screens to determine novel candidate drugs and facilitate classical fragment-based structural design of small molecule compounds. Without
these tools, the development of antibodies, copper chelators and screening of libraries are feasible and have led
to the discovery of LOX family-speciﬁc compounds that have made signiﬁcant contributions to our understanding to the mechanism of action of these enzymes. The potential impact that successfully targeting LOX
family mediated desmoplasia in the treatment of solid tumours means that efforts to target the lysyl oxidases
will continue.

Perspectives

• Importance of the ﬁeld. The ECM plays a critical role in the development and homeostasis
of tissues and organs. Dysregulation of the ECM is associated with a wide range of
pathological diseases, in particular solid tumour onset and progression. A key step in the de
novo genesis of ﬁbrotic tumour desmoplasia relies on the enzymatic cross-linking of matrix
molecules by the Lysyl Oxidases.
• Current state of the ﬁeld. The high ﬁbrotic component of many solid cancers contributes to
tumour growth, metastases, poor drug response and suppression of the immune system.
Most frontline therapeutics target tumour cells only and ignore the signiﬁcant pro-tumour
contribution of the microenvironment. Co-targeting the desmoplastic response in tumours,
such as through targeting the LOX family, offers the potential to improve efﬁcacy of frontline
therapies and outcome in patients.
• Future directions. Classical development of small molecule LOX family inhibitors has been
hampered to date by lack of crystal structures, however a number of classes of small molecule
LOX inhibitor are emerging. The potential impact that successfully targeting desmoplasia in
the treatment of solid tumours is enormous meaning that efforts to target the lysyl oxidases
will continue.
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