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Abstract: The extracellular matrix (ECM) is the physical scaffold where cells are organized into
tissues and organs. The ECM may be modified during cancer to allow and promote proliferation,
invasion, and metastasis. The family of lysyl oxidase (LOX) enzymes cross-links collagens and
elastin and, therefore, is a central player in ECM deposition and maturation. Extensive research has
revealed how the LOX proteins participate in every stage of cancer progression, and two family
members, LOX and LOX-like 2, have been linked to metastasis, the final stage of cancer respon-
sible for over 90% of cancer patient deaths. However, LOX biosynthesis results in by-product
with antiproliferative properties in certain cancers, and LOX enzymes may have different effects
depending on the molecular network in which they are active. Therefore, the design of therapies
targeting the LOX family needs to be guided by the molecular makeup of the individual disease and
will probably require other agents to act on both the LOX enzymes and their associated network.
Keywords: cancer, extracellular matrix, lysyl oxidase, metastasis

Extracellular matrix in cancer

Cancer cells in a tumor proliferate amongst stromal cells and vessels supported by the
interstitial extracellular matrix (ECM). The ECM is a material formed by macromol-
ecules that gives structure and anatomy to every tissue, but during cancer it also sup-
plies proinflammatory signals associated with invasion, intravasation, and metastasis.
These biological functions seem to be related to the physical properties of the ECM;
cancer-associated ECM is stiffer and denser and suffers simultaneous processes of
deposition and degradation that liberate growth factors embedded in it, while trapping
more stromal and circulating cancer cells.!> Lysyl oxidase (LOX) has been proven to
be a crucial mediator in remodeling of the cancer-associated ECM, metastasis, and the
premetastatic niche.* This evidence points to the LOX family as a potential target in the
prevention and treatment of metastatic disease. However, extracellular LOX has been
shown to have antitumor activity in certain cancers,* whereas the by-product of LOX
biosynthesis has antioncogenic activity. This suggests that: 1) an anti-LOX treatment
for cancer must be limited to tumors where LOX enhances progression, which possibly
implies the need for molecular diagnostic tools; and 2) there may be a role for LOX
or LOX by-products as anticancer agents. Here we will review the current knowledge
on the extracellular LOX enzymes and their potential role in cancer therapy.

The LOX family

LOX is an enzyme that mediates the cross-linking of collagens and elastin; two
basic components of the ECM. LOX was first isolated from bovine aorta and some
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insight into function was obtained.’ Initial research of LOX
in cancer found it was downregulated in epithelial tumors®
and had oncogene-suppressing actions.” The LOX family
has five members; LOX and LOX-like 1 to 4 (LOXL2,
LOXL3, LOXLA4, respectively) (Figure 1). The family shares
a highly conserved amino acid sequence that includes a
cytokine receptor-like domain, residues for carbonyl cofac-
tor formation, and a copper-binding site. An atom of cop-
per tightly bound to the active site is essential for protein
conformation and, therefore, for the catalytic activity of
the enzymes. The N-terminal of every member differs, but,
in LOX-like 2, 3, and 4, it is formed of scavenger receptor
cysteine-rich domains.

LOX is synthesized as a preproenzyme that is first cleaved
in the endoplasmic reticulum before the N-terminal propep-
tide is glycosylated and the C-terminal is folded to acquire
three disulphide bonds. The catalytic site incorporates copper
and the proenzyme is then released to the extracellular space.
The glycosylated N-terminal is cleaved by bone morphoge-
netic protein 1 (BMP1) (or procollagen C proteinase [PCP])?
resulting in release of the active form of the enzyme and of
the LOX propeptide (LOX-PP). LOXLI is also synthesized

Protein structure

as a proenzyme; however, less is known about its secretion
and activation, and nothing is known about that of the other
family members. While LOX is necessary for ECM main-
tenance, LOX-PP is biologically active and suppresses gene
expression.*

The first substrates described for LOX and later for the
other LOXL proteins were collagens and elastin.’ LOX
cross-links fibers of collagen and elastin by oxidizing lysine
residues into an aldehyde that spontaneously condenses with
other aldehydes or peptidyl lysines to form covalent unions
among fibers. These unions insolubilize, stabilize, and harden
the ECM. The other LOX family members are thought to
act in the same way, which is highly likely given the close
homology of their catalytic domains.®!°

The LOX family’s role in ECM building and maintenance
implies its involvement in pathological conditions. LOX
has been showed to be an agent of chronic hepatic fibrosis,
arterial fibrosis, and Adriamycin-induced kidney fibrosis

11

in human patients,'' and liver and lung fibrosis in mouse

models."? Lack of LOX is also related to vascular, respiratory,
and cutaneous fragility; LOX~~ mice have defective collagen
and elastin cross-linking, which translates into impaired

Protein name, length
and location

LOX (417 aa) 5923.2
LOXL1 (574 aa) 15922
LOXL2 (774 aa) 8p21.3
LOXL3 (753 aa) 2p13

LOXL4 (756 aa) 1024

L—— variable N terminal ————L- Conserved C terminal

<> LTQ
. Copper-binding site

Catalytic domain

Figure | The lysyl oxidase family.

CRL domain

. LOX pro-sequence

Signal peptide

SRCR domain

LOXL1 pro-sequence

Proline-rich domain

Notes: The lysyl oxidase family shares a highly conserved catalytic domain that includes a copper-binding motif, a lysyl-tyrosine-quinone cofactor and a cytokine receptor-like
domain. These are necessary for protein conformation and enzymatic activity. LOX and LOXLI contain pro-sequences which are cleaved by bone morphogenetic protein |
before their secretion into the extracellular space. LOXL2 to 4 form a subfamily defined by its scavenger receptor cysteine rich domains thought to mediate cell adhesion

and protein-protein interactions.

Abbreviations: LOX, lysyl oxidase; LOXL, lysyl oxidase-like; LTQ, lysyl-tyrosine-quinone; SRCR, scavenger receptor cysteine rich; CRL, cytokine receptor-like.
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development of the upper and lower airways, lungs, ves-
sels, and skin."’ These mice die at birth; thus, LOX function
cannot be substituted by any of the other family members.
Reduced LOX activity has been detected in two inherited
human syndromes: Menkes disease and occipital horn
syndrome.!! Both are caused by mutations that limit copper
availability, therefore affecting LOX-mediated catalysis.
Patients diagnosed with these syndromes have a shortened
lifespan, defective connective tissues, and neurological
impairment. LOX overexpression as a result of copper defi-
ciency is associated with Ehlers Danlos syndrome (EDS),
where patients have over-elasticated skin,'* and a mutation
of the LOX gene is related to EDS type VI, which has as its
main clinical characteristics neonatal kyphoscoliosis, joint
laxity, skin fragility, and abnormal muscle tone."* LOX has
been also linked to neurodegenerative disorders in animal
models of amyotrophic lateral sclerosis, Alzheimer’s disease,
and dementia.'®!” This suggests that LOX may contribute to
diseases not only related to abnormal connective tissue.

LOX™" mice are viable, but the females have defective
elastin renewal in the pelvic floor, which leads to postpartum
pelvic prolapse.'® In humans, the lack of LOXLI1 is associ-
ated with pseudoexfoliation syndrome; a pathology of elastic
fibres that degenerates in fragile vascularity, including brain
vessels. Currently, a clinical trial for the detection of LOXL1
polymorphism is ongoing.'” Other mutations of LOXL1 pro-
duce abnormal elastic fibers in the eyes, heart, lungs, liver,
kidneys, and other tissues.?

LOXL2 acts by oxidizing collagens and elastin.?! It
promotes chondrocyte differentiation and cartilage ECM
maturation.?? It is overexpressed in the stroma of patho-
logically fibrotic tissues, such as cirrhotic liver and Wilson’s
disease, and confers susceptibility to brain aneurysms.?
Antibody targeting of LOXL2 decreases lung and liver
fibrosis in mouse models and prevents the activation of ECM-
deposing cells such as fibroblasts and endothelial cells.? Use
of a LOXL2-targeting monoclonal antibody** is currently in
Phase 1II clinical trials for fibrosis patients.

LOXL3 has been less studied than the other family
members. Its anatomical pattern of expression overlaps
partially with other members of the LOX family and shares
substrates (collagens and elastin).? It has an enzymatically
active subvariant that lacks the scavenger domains 1, 2, and 3.
LOXL3 overexpression is related to ventricular stiffness and
T lymphocyte function in cardiac remodeling.?

LOXL4 was first described as necessary for cartilage
maturation and cartilage ECM deposition.?’ It is widely
expressed in human tissues, notably by endothelial cells;'

Transforming growth factor beta 1-activated LOXL4
contributes to vascular basement membrane and vascular
ECM.2 LOXLA4 is also overexpressed during the proliferative
phase of the human reproductive cycle and has been associ-
ated, by one population study, to endometriosis.?

The LOX family as cancer therapy

targets
The discovery of the prominent role played by the LOX
family in the ECM coincided with the growing interest in
the tumor microenvironment, and today the LOX family is
considered a potential cancer therapy target; however, early
research proposed LOX as a tumor suppressor. LOX was
identified as a Ras rescission gene with reduced expres-
sion in Ras transformed fibroblasts, but highly expressed in
spontaneous revertants.”*° The case for the tumor suppressor
role of LOX was reinforced by studies showing its epigenetic
inactivation in a wide diversity of human gastric cancer cell
lines and in gastric tract tumors.*' Later research attributed the
antitumor activity of LOX to the peptide cleaved by BMP1
from preproLOX.* This inhibits the activation of NF-kB and
may also repress the transcription of the BCL2 oncogene.
On the other hand, LOX and other family members (notably
LOXL2) induce epithelial-to-mesenchymal transition (EMT)
and enhance invasion.* Hypoxia, a common condition in
tumors, is associated with EMT. Hypoxia induces tumor
expression of LOX through hypoxia-inducible factor-1 (HIF-
1) to enhance cell-matrix adhesion, migration, invasion, and
metastasis.’ Hypoxia also induces stromal expression of
LOX, which produces a linearization of collagen I, increases
the stiffness of the ECM, and induces a loss of epithelial
phenotype in cancer cells, enhancing tumor cell invasion
through ECM remodeling, intravasation and metastasis.?>*
In addition, tumor-derived LOX stabilizes Snaill through a
regulatory loop with Notch and HIF-1alpha and is, therefore,
directly involved in the regulatory mechanisms of EMT>¢ and
likely participates in the opposite mesenchymal-to-epithelial
transition; a step thought to be necessary for target organ
colonization.

Head and neck cancer patients with high LOX have
a higher probability of metastatic invasion and shorter
survival.** Similarly, LOX expression is associated with
increased staging and metastasis in colon cancer and renal
cancer patients.’*¥ LOX-mediated ECM remodeling seems to
be essential for the creation of the “cancer niche”; a location
that provides proliferative signals, protection from immune
attack, and vascular supply (Figure 2).3° This mediation
seems to be triggered by hypoxia and HIF-1.%° A provocative
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LOX secretion is
driven by tumor
hypoxia

Cancer secreted LOX
and LOXL2 force
activated fibroblasts to

depose dense ECM

. Cancer cell [:‘,) Neutrophil

% Macrophage

Lymphocyte T —

<@® EMT cancer cell

"
. Hypoxic cancer cell (j]

@ Activated fibroblast (@)

Figure 2 The cancer niche.
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immune cells that blunt
anticancer immunity
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Notes: Just as bone marrow cells require a “niche” to maintain their character and complete their development, cancer cells require a specialized microenvironment to
thrive. The cancer niche typically is backed-up by a densely woven ECM formed mainly of collagen |, collagen IV, fibronectin, laminin, and tenascin. This ECM serves as a
physical scaffold for the tumor and as a path for stromal cells, such as immune cells and fibroblasts, to migrate along to the tumor mass and, inversely, as a way for tumor
cells to escape from the tumor and enter circulation. LOX and LOXL2 expression is induced by tumor hypoxia and mediates the cross-linking of collagen. The LOX
family is a central player in cancer related fibrosis, which results in the constant recruitment of protumor stromal cells (ie, cancer-associated inflammation). Additionally,
LOXL2 induces epithelial mesenchymal transition, a process that allows tumor cells to acquire fibroblast-like mobility.

Abbreviations: ECM, extracellular matrix; EMT, epithelial mesenchymal transition; LOX, lysyl oxidase; LOXL?2, lysyl oxidase-like 2.

result obtained along with these findings is the elimination
of metastasis by LOX inhibition.**

If a cancer niche is necessary for primary tumor success,
then it follows that another is even more necessary to shield
metastatic cells conquering a foreign organ. An elegant series
of experiments later pushed this idea further by showing the
“pre-metastatic niche” (Figure 3).*'*? These studies demon-
strate that primary tumors are able to modify there targets
at a distance to foster progression. Both the metastatic and
pre-metastatic niches use the mediation of LOX to cross-link
collagen I and IV, components of cancer-associated ECM,
and targets of the LOX family.*® A dense ECM buttressed
by collagens attracts and traps myeloid cells that conform
a chemoattractive area located in places usually invaded by
circulating cancer cells.*

LOXL2 maintains the tumor stroma and the stroma of
fibrotic conditions, activating cancer-associated fibroblasts
and vasculature in mice and humans.?* Antibody blocking of
LOXL2 in mice decreases tumor-induced and chemically-
induced fibrosis, improving survival and hepatic function.

There are currently no clinical trials testing for LOX
family members against cancer. However, it has been proven

that these are inhibitable and “druggable” factors as active
site antagonist beta-aminopropionitrile or copper chelator
D-penicillamine are able to block the catalytic activity of LOX
and LOXL2, albeit nonselectively, and function-blocking anti-
bodies against LOX and LOXL2 have been made.?** It must
be remembered, however, that extracellular LOX is composed
of two parts: the enzyme and its propeptide (PP; LOX-PP). It
has been shown that LOX-PP inhibits the extracellular signal-
regulated kinase (ERK)-mitogen-activated protein kinase
(MAPK) pathway and other pathways associated with cell
division during Ewing’s sarcoma* and has antiproliferative
properties, while the active enzyme simultaneously fulfils
its protumor functions, as described above. Therefore, anti-
LOX therapies must target the cleaved, active enzyme (not its
pro-form proLOX or LOX-PP) or, if this is not feasible, then
LOX-PP may be used as an additional antitumor agent.

The LOX family as part

of a network

One important message from the vast literature on the
LOX family is that the lysyl oxidases may induce con-
tradictory effects depending on the tissue studied and on
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Tumor-produced LOX mediates

the preparation of foreign tissues

to foster a metastatic tumor, initiating
the recruitment of VEGFR-1+ and
CD11b+ cells before cancer invasion
1
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Figure 3 The premetastatic niche.
Notes: Hypoxic cancer cells produce high levels of secreted LOX that mediates the remodeling of ECM at distant sites of future metastasis, resulting in the attraction of

CD| Ib+ myeloid cells. These stromal cells produce matrix metalloproteinases, urokinase, kallikrein-related peptidases, and cathepsins, which can cleave collagen and other
ECM proteins initiating a typical cancer-associated process of ECM destruction and deposition. These alterations create a chemoattractive niche for circulating cancer cells
and the ECM remodeling enhances metastatic efficiency by enhancing cell-matrix adhesion and tumor cell proliferation. One unresolved question is the anatomic specificity
of LOX mediated premetastatic niche formation. This may be explained by different extracellular matrix components present in organs and different tumor tissues; cancers
of the lung, breast, ovary, colon, and liver, among others, are all different regarding ECM components such as fibrin, collagen (different types), vitronectin, fibronectin,

laminin, etc.
Abbreviations: ECM, extracellular matrix; KLK, kallikrein-related peptidases; LOX, lysyl oxidase; VEGFR, vascular endothelial growth factor receptors.

(a situation similar to that found with other targeted drugs
in humans). However, as the tumor suppressor functions of
LOX have been shown to be independent of its enzymatic
function, selective inhibitors of LOX catalytic activity should
leave any tumor suppressor function intact. However, devel-
opment of such compounds is complicated by the identical
nature of the LOX family active sites and by the lack of
available crystal structures. Nevertheless, the overexpres-
sion of LOX early during in situ breast cancer followed
by its repression during invasive carcinoma suggests that

the pathways to which they are associated. Another mes-
sage is that the same catalytic action, such as the cross-
linking of collagen, may not be associated to pathological
conditions, but be part of a reaction needed to repair or
strengthen a tissue.

A LOX (PP)-Harvey rat sarcoma viral oncogene homolog
(HRAS)-nuclear factor kappa B (NFKB) pathway in gastric
cancers is associated with tumor suppression,*® but a LOX-
FAK-SRC increases cell motility and cell-ECM adhesion,*
which is necessary for local invasion and metastasis. Data
from our group suggests that the inhibition of extracellular
LOXL2 may hamper or enhance metastasis, depending on
the tumor type treated. We are only beginning to scratch
at the surface of understanding LOX family function, and

further research about the usefulness of the LOX family in  ing can begin.
Network medicine may provide a way to tackle these

problems.* It has been demonstrated that a systems biology
simulation of epidermal growth factor receptor signaling
variation in vitro will produce a combined therapy cycle
that maximizes effect and minimizes the emergence of
resistance.*’ The simulation predicts the rewiring of molecu-
lar networks associated with cancer proliferation, allowing

it may rewire its molecular connections over time, pushed
by dynamic microenvironmental changes.** Thus, much
more needs to be learnt about LOX function and dynamics,
in both healthy and disease contexts, before effective target-

aneurysms and vascular defects is needed.

A targeted attack on LOX family synthesis will conceiv-
ably affect its antitumoral as well as its protumoral charac-
teristics, and, given the importance of the ECM for cellular
behavior, altering LOX family function is potentially fraught
with secondary effects. Using LOX as an anti-HRAS agent
could slow primary tumor growth, but boost metastasis
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for therapy that prevents resistance. However, predicting
and attacking networks involved in the running of the cancer
microenvironment is an unmet challenge. Knowledge may be
gained by using omics approaches to understand how LOX
connects to molecules produced locally and how molecules
in the primary tumor interact with those in metastatic target
organs. Targeting molecular networks involving LOX family
members may allow for dissection and attack of their pro-
tumoral activities, while keeping side-effects and resistance
at a minimum.

Conclusion

While it is clear from the extensive research that the LOX
family are potent anticancer targets, strategies for combina-
tion therapies and for preventing resistance have not been
investigated. Despite this, clinical trials in cancer patients
are due to begin with the LOXL2 monoclonal antibody, and
several LOX/LOXL2 drug development programs are under-
way, quickly approaching clinical trials in patients.
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