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Abstract: LOX (lysyl oxidase) and lysyl oxidase like-1–4 (LOXL 1–4) are amine oxidases, which
catalyze cross-linking reactions of elastin and collagen in the connective tissue. These amine oxidases
also allow the cross-link of collagen and elastin in the extracellular matrix of tumors, facilitating
the process of cell migration and the formation of metastases. LOXL2 is of particular interest in
cancer biology as it is highly expressed in some tumors. This protein also promotes oncogenic
transformation and affects the proliferation of breast cancer cells. LOX and LOXL2 inhibition
have thus been suggested as a promising strategy to prevent metastasis and invasion of breast
cancer. BAPN (β-aminopropionitrile) was the first compound described as a LOX inhibitor and
was obtained from a natural source. However, novel synthetic compounds that act as LOX/LOXL2
selective inhibitors or as dual LOX/LOX-L inhibitors have been recently developed. In this review,
we describe LOX enzymes and their role in promoting cancer development and metastases, with
a special focus on LOXL2 and breast cancer progression. Moreover, the recent advances in the
development of LOXL2 inhibitors are also addressed. Overall, this work contextualizes and explores
the importance of LOXL2 inhibition as a promising novel complementary and effective therapeutic
approach for breast cancer treatment.

Keywords: BAPN; breast cancer; cell invasion; EMT; lysyl-oxidase; lysyl-oxidase like 2; metas-
tases; inhibitors

1. Introduction

LOX (lysyl oxidase or protein lysine 6-oxidase) and lysyl oxidase like-1 through 4
(LOXL1–LOXL4) are copper-dependent amine oxidases that covalently cross-link collagen
and elastin in the extracellular matrix (ECM) [1,2]. These enzymes are expressed in various
tissues and organs, such as skin, aorta, heart, lung, liver, cartilage, kidney, stomach,
small intestine, colon, retina, ovary, testis, and brain [3]. LOX/LOXL proteins have been
implicated in the pathogenesis of various diseases, including cancer. Therefore, inhibitors
of these enzymes have been developed for therapeutic purposes. In this work, the impact
of LOX/LOXL enzymes in cancer progression and the state of the art of the development
of inhibitors are reviewed.

2. Historical Perspective

The discovery of LOX enzymes was initially associated with the toxic effects described
for the inhibitor β-aminopropionitrile (BAPN; Figure 1). Reports on BAPN can be found in
the literature since the 1950s [4]. BAPN is a potent irreversible inhibitor of LOX enzymes
that severely disrupts cross-linkage of collagen and elastin [5]. This natural compound was
originally found in sweet peas, Lathyrus odoratus L. The ingestion of seeds or food products
of these genus spp. is associated with toxic effects, namely with lathyrism. This condition
is characterized by skeletal and tissue deformities, growth malformations, and vascular
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alterations that result from connective tissue disruption, especially by inhibition of collagen
and elastin cross-linking [5]. Hippocrates was the first to describe the deleterious effect
of lathyrism, which caused paralysis of the legs after the consumption of certain species
of peas. In 1883, the phenomenon of lathyrism was described by Louis Astier. Since then,
several researchers have described the consequences of the ingestion of certain plants on
connective tissue disorders, especially on collagen and elastin cross-linking [5].
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Figure 1. Chemical structure of β-aminopropionitrile (BAPN).

In the late 1960s, LOX enzymes were identified while studying the role of collagen
and elastin cross-link associated with bone loss [6,7]. Pinnell and Martin, 1968 [7] de-
tected an enzyme that converts peptide-bound lysine to allysine in embryonic chick bone.
The authors demonstrated that the enzyme was inhibited by the lathyrogen BAPN. This
compound showed in vitro and in vivo inhibition of collagen and elastin cross-linking
by blocking the lysine-to-allysine conversion. The authors concluded that this enzymatic
inactivation promoted the primary lesion of lathyrism. It was the first time that the enzyme
responsible for converting lysyl residues to allysyl residues was identified [7,8]. Although
LOX is known since the late 1960s, the 3D crystalline structure of human lysyl oxidase-like
2 (Figure 2A) was only obtained in 2018 [9].
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Figure 2. Structure of LOX proteins. (A) Crystal structure of human LOXL2 in a precursor state
obtained by Zhang et al. (2018) [9]. The SRCR domains 3 and 4 are colored in red and orange,
respectively; the catalytic domain is colored in blue. The glycosyl groups at Asn-644 are shown. Zinc
and calcium ions are represented as purple, blue and green spheres, respectively. Image was prepared
with PDB (PDBID 5ZE3) [10]. (B) Schematic representation of the structure and homology of human
LOX isoenzymes. Due to similarities in the domain arrangement, LOX and LOXL1 represent one
LOX subfamily, whereas LOXL2-4 constitute another LOX subfamily.
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3. LOX Enzymes

The mammalian lysyl oxidase family of proteins is encoded by five genes: LOX,
LOXL1, LOXL2, LOXL3, and LOXL4. These genes encode proteins with the conserved
C-terminal region that includes a copper binding site, lysine tyrosylquinone (LTQ) cofac-
tor residues, and a cytokine receptor-like (CRL) domain [1,11]. The diverse N-terminal
pro-peptide regions determine the classification into two subfamilies consisting of LOX
and LOXL1, and LOXL2–LOXL4. The prodomains in LOX and LOXL1 enable their se-
cretion as pro-enzymes, which are then activated extracellularly in a process that in-
volves proteolytic cleavage. LOXL2, LOXL3, and LOXL4 contain four scavenger receptor
cysteine-rich domains (SRCR) that are thought to be involved in protein-protein interactions.
(Figure 2B) [1,11]. Xu et al., 2013 [12] have demonstrated that recombinant human LOXL2
secreted from Drosophila Schneider 2 cells is N-glycosylated. N-linked glycans at Asn-455
and Asn-644 are essential for proper protein folding, stability, and secretion.

The catalytic domain of LOX enzymes harbors a copper-binding motif and a functional
quinone group, which has been identified as lysyl tyrosylquinone (LTQ; Figure 3). This
quinone cofactor is generated through posttranslational cross-linkage between specific
lysine and tyrosine residues. Copper is essential for LTQ generation, as previously demon-
strated by Zhang et al. (2018) [9]. In fact, copper is involved in oxygen electron transfer to
facilitate oxidative deamination of peptidyl lysyl to internally catalyze the formation of the
quinone cofactor (Figure 3) [9].
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Lysyl oxidases catalyze the extracellular oxidative deamination of lysine residues in
elastin and of lysine and hydroxylysine in collagen precursors, generating highly reactive
aldehydes. These aldehydes further react in their microenvironment, to form higher-order
cross-linkages that are essential for the formation and repair of ECM fiber networks and
the development of connective tissues [13,14]. Despite its higher affinity for collagen, these
proteins also catalyze the deamination of other monoamines, diamines and lysine-rich
proteins [15]. In the primary structure of LOX enzymes, there are also binding domains for
cytokines [2,13]. Despite the extracellular proteolytic cleavage leading to the enzymatic
activation of LOX proteins, they may also be active inside the cell. For example, LOXL2
can modulate intracellular events, such as epithelial to mesenchymal transition (EMT) [16],
as described below.

Among the different LOX enzymes, this review gives particular emphasis to the
human LOXL2 (hLOXL2) due to the importance of this particular isoform to breast can-
cer progression.

4. LOX and Disease

The human LOX proteins are expressed in several different tissues and organs [1,3].
Although their specific functions and substrate preferences in vivo remain to be elucidated,
these proteins may play different roles. These might include regulating gene transcription,
and controlling cell proliferation and motility [16,17]. Given the determinant role of
LOX in the formation, maintenance, and functional properties of ECM and connective
tissues, the expression dysregulation of these enzymes is associated with the onset and
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progression of multiple pathologies affecting connective tissue. These include fibrotic
processes, cancer, and neurodegenerative and cardiovascular diseases [11,18,19]. The
decreased expression of LOX can lead to diseases such as myocardial ischemia [20], cutis
laxa [21], and Menkes syndrome [22], while its overexpression can be associated with
atherosclerosis [23], pulmonary fibrosis [6], and cancer progression [11].

5. LOXL2 and Cancer

Several members of the LOX family have been implicated in cancer development.
However, data published so far does not exclude opposite effects for these enzymes as
stimulators or suppressors of tumor promotion/progression (reviewed in [24]). Different
protein isoforms, their intra and extracellular locations, the proteolytic cleavage status in the
case of LOX and LOXL1, and other cellular events contribute to these different outcomes in
cancer. The tumor suppression activity has been mostly associated with the LOX propeptide
(LOX-PP) that is generated by the cleavage of the secreted pro-LOX by procollagen-C-
proteinase (reviewed in [24]). LOXL2-4 do not generate this type of propeptide.

Solid tumors are characterized by unregulated growth, generating hypoxic conditions.
LOX expression is upregulated under hypoxic conditions [25] and contributes to the induc-
tion of EMT, i.e., cells undergo biochemical, molecular, and morphological modifications,
which give them a greater capacity to migrate, invade, and resist apoptosis [26].

In breast, nasopharynx, gastric, pancreatic, pulmonary, renal, lung, ovarian,
and thyroid cancers, lysyl oxidase and collagen were found to influence the architec-
ture of the ECM, creating a favorable microenvironment for tumor development and
progression [26,27]. Leeming et al., 2019 [28] found that healthy humans presented serum
LOXL2 enzyme levels of ≈46.8 ng/mL. In patients with breast, colorectal, lung, ovarian,
and pancreatic cancer, the levels of LOXL2 in serum were significantly elevated, varying
between 49 ng/mL and 84 ng/mL. Regarding patients with breast cancer, serum LOXL2
levels were elevated by 218% compared to healthy controls [28]. A study from Janyasupab
et al. (2016) [29] measured LOXL2 levels in human serum, plasma, and urine. The re-
searchers found differential LOXL2 concentrations in patients with breast cancer (≈ 2.7 µM
in blood; ≈ 40 µM in urine), when compared to the cancer-free individuals (≈ 0.6 µM in
blood; ≈ 25 µM in urine).

High LOX and LOXL2 expression is considered a risk factor for the early occurrence of
metastases, mostly due to their ability to stimulate tumor cell migration and invasion [26,30].
The secretion of this enzyme not only by tumor cells, but also by stromal cells, may also
play a role in the evolution of metastases [31]. The mechanisms by which LOXL2 promotes
metastases and invasion are still not fully characterized, but both extra- and intracellularly
localized LOXL2 seem to be implicated in cancer progression [32], as depicted in Figure 4.

ECM collagen cross-linking by extracellular LOXL2 is mediated by the aforementioned
deamination of lysine residues and increases ECM stiffness. This process can promote
tumor cell invasion and progression by modulating integrin activity and focal adhesions
assembly and signaling [31].

LOXL2 also plays a role in angiogenesis. LOXL2 is involved in endothelial cell
proliferation and migration, as well as in vessel formation, by influencing the deposition
of collagen in the vascular microenvironment [33]. The involvement in angiogenesis
stimulation is dependent on both LOXL2 non-enzymatic and enzymatic activities. The
organization of endothelial cells into tubes depends on LOXL2 expression levels. However,
the equilibrium of the basement membrane structures and vessels requires enzymatic
activity [34]. LOXL2 is also a vital prolymphangiogenic molecule and affects the function
of lymphatic endothelial cells (LEC), both in vitro and in vivo [35]. The lymphangiogenesis
process is critical for breast cancer malignancy and is associated with reduced survival of
breast cancer patients [35].
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The upregulation of LOX under hypoxic conditions is also involved in the recruitment
of inflammatory stromal cells and bone marrow-derived cells at sites distant to the primary
tumor, aiding the formation of the premetastatic niche [31]. Transgenic mouse models of
PyMT-induced breast cancer were used to explore the role of LOXL2 in driving breast cancer
metastases [36]. Using these models, the researchers demonstrated that LOXL2 action,
together with elevated levels of SNAIL1 and expression of several cytokines, promoted the
pre-metastatic niche formation [36].

In addition to the extracellular mechanisms described so far, intracellular LOX is
also implicated in tumor progression. Intracellular LOXL2 prevents the degradation of
SNAIL1. The stabilization of this transcriptional repressor results in the down-regulation
of E-cadherin (CDH1), an adhesion receptor crucial in EMT and consequentially in the
regulation of metastases formation [31]. LOXL2 deaminates unmethylated and trimethy-
lated lysine 4 in histone H3 (H3K4me3) through an amino-oxidase reaction, releasing the
amino group and converting K4 into an allysine (H3K4ox) [37]. This modification is also
linked to the repression of the E-cadherin gene and heterochromatin transcription and to
the deregulation of EMT [37,38].

Mechanistic studies carried out by Moreno-Bueno et al. (2011) [39] have demonstrated
that LOXL2 is involved on the transcriptional downregulation of the proteins lethal giant
larvae 2 (Lgl2) and claudin1, and disorganization of cell polarity and tight junctions, thus
maintaining the mesenchymal phenotype of basal-like carcinoma cells.

LOXL2 also contributes positively to the activation of the focal adhesion kinase (FAK)
signaling pathway and participates in the assembly of focal adhesion complexes. During
the oxidation reaction catalyzed by lysyl oxidases, hydrogen peroxide is generated as a
by-product. Hydrogen peroxide accumulation induces the upregulation of Src phosphory-
lation in the Src kinase/focal adhesion kinase pathway (FAK/Src), which can contribute to
the pro-invasive effects of LOXL2. The produced H2O2 also stimulates the PI3K/Akt path-
way [30,40]. In addition to these signaling pathways, other H2O2-mediated mechanisms
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could be implicated in LOX effects since these reactive oxygen species have been shown to
modulate other cancer progression-related events in different experimental models [41–43].

LOXL2 is overexpressed in some cancers, thus contributing to poor prognosis and a
higher risk of distant metastases. This overexpression was previously described in breast
cancer (detailed in the next section), as well as in non-small cell lung cancer (NSCLC) [44],
hepatocellular carcinoma (HCC) [26], oral squamous cell carcinoma (OSCC) [27], colorectal
cancer, pancreatic cancer, esophageal squamous cell carcinoma, head and neck squamous
cell carcinomas, gastric cancer and renal carcinoma [32]. Table 1 summarizes some examples
of the consequences of altered LOXL2 expression described in experimental models or in
patients with these cancers.

Table 1. The impact of LOXL2 in different types of cancer.

Cancer Type Effect Observed

Lung cancer (NSCLC) High cytoplasmatic LOXL2 associated with (↑) size of tumor and (↓) overall survival.

Oral squamous cell carcinoma (OSCC) LOXL2 has been shown to be a marker of poor survival.

Hepatocellular carcinoma (HCC)
LOXL2 promotes proliferation, migration, and invasion of HCC cells.

LOXL2 is overexpressed in HCC patients and is positively correlated with tumor
grade, metastasis, vasculogenic mimicry formation, and poor survival.

Colorectal cancer
LOXL2 was upregulated in SW480 cells, which presented high migratory potential.
Patients with high LOXL2 expression had a significantly increased rate of distant

metastases and decreased survival.

Pancreatic cancer
LOXL2 is upregulated in human pancreatic cancer showing a sevenfold increase

comparing with healthy human tissue.
Silencing LOXL2 renders cells sensitive to chemotherapy.

Esophageal squamous cell carcinoma
(ESCC)

LOXL2 plays a key role in the invasion of ESCC cell lines, through the disruption of
cytoskeletal components.

Patients with decreased levels of nuclear LOXL2 and increased cytoplasmic LOXL2
levels had lower survival rates.

Increased LOXL2 expression drives tumor cell invasion and is associated with poor
prognosis.

Head and neck squamous cell carcinomas LOXL2 knock down cells had an upregulation of epidermal differentiation genes.
LOXL2 and SNAIL knockdown reduced invasion in a mouse carcinogenesis model.

Gastric cancer Significant reduction in the survival rate of gastric cancer patients positive for LOXL2
in both stromal and cancer cells.

Clear cell renal carcinoma (ccRCC)
LOXL2 siRNA knockdown significantly inhibited cell growth, migration, and invasion

of ccRCC cell lines.
Elevated LOXL2 expression correlated with the pathologic stages of ccRCC patients.

LOXL2—lysyl oxidase-like 2; NSCLC—non-small-cell lung carcinoma; SW480—colon cancer cell lines; SNAIL—zinc finger protein. Table 1
constructed with data collected from references [11,32,44–47].

6. LOXL2 and Breast Cancer

A bioinformatics study, aimed at identifying potential prognostic marker genes associ-
ated with breast cancer progression, identified and validated eight candidates [48]. One of
those genes was LOXL2, that was particularly relevant in the luminal subtype.

Kirschmann et al. (2002) [49] studied the expression of LOX and LOXL1-4 in the human
breast cancer cell line MDA-MB-231, a highly invasive/metastatic cell line. Their results
suggested that LOX and LOXL2 had the strongest association with an invasive/metastatic
phenotype. In vitro tests using LOXL2-silenced cell lines of invasive ductal carcinoma
(BT549 and MDA-MB-231) showed that down-regulation of this protein induces a process
similar to the mesenchymal-epithelial transition and thus to a decrease in cell migration
and invasion [50].

Normal breast tissue has lower levels of LOXL2 expression and this protein is found
in the stroma and luminal layer of epithelial cells. Conversely, breast cancer tissues
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show increased LOXL2 expression, located intracellularly in the cytoplasm and cell nu-
clei, and extracellularly in the ECM [39,51]. Immunohistochemical studies demonstrated
that approximately 60% of basal breast carcinomas have increased intracellular LOXL2
with perinuclear distribution, associated with mRNA overexpression [39]. In addition,
there is an increase in LOX expression in metastatic tissues compared with primary tu-
mors [31]. Using immunohistochemistry, Ahn et al. (2013) [50] demonstrated that LOXL2
is an independent prognostic marker of metastatic disease and death in patients with
breast cancer. In addition, LOXL2 is an independent prognostic factor for overall survival
(OS) and metastasis-free survival (MFS) in breast cancer (hazard ratio of 2.27 and 2.10,
respectively) [50].

A retrospective study found that patients with ER-negative tumors expressing high
levels of LOXL2 mRNA have a poorer prognosis [52]. This study also showed that LOXL2
expression significantly correlated with decreased overall survival and metastasis-free
survival [52].

Triple-negative breast cancer (TNBC) is strongly related with metastatic disease and
represents 15% of breast cancer cases [53]. Previous studies have found that the expression
of both LOX [53] and LOXL2 [50] is increased in TNBC patients. These proteins are thus
possible targets for systemic therapy of TNBC. In addition, the inhibition of LOXL2 has
been proposed as a strategy to sensitize TNBC cells to conventional therapy [37].

Barker et al. (2011) [52] demonstrated that the inhibition of LOXL2 by genetic, chem-
ical, or antibody-mediated tools leads to a decrease in metastases in in vivo models [52].
The authors attributed this finding to the LOXL2-dependent promotion of invasion by
regulating the expression and activity of the proteins metallopeptidase inhibitor 1 (TIMP1)
and matrix metalloproteinase 9 (MMP9). LOXL2 inhibition did not alter the expression
of other LOX-like proteins, suggesting that these enzymes do not compensate for each
other [52].

Previous studies have concluded that LOXL2 pro-metastatic action is intrinsic to breast
tumor cells and mostly independent of the extracellular action of this protein on the ECM.
Therefore, the possible therapeutic strategies for inhibiting LOXL2 in breast cancer will be
more efficient if intracellular LOXL2 is blocked [36].

Considering the therapeutic potential of blocking LOXL2 in cancer treatment, several
inhibitors of this protein have been developed. The next sections summarize the state of
the art of the discovery of LOXL2 inhibitors.

7. LOX Inhibitors
7.1. β-Aminopropionitrile (BAPN)

As mentioned in Section 2, BAPN was the first LOX inhibitor to be identified. BAPN
inhibits intramolecular and intermolecular covalent cross-linking of collagen and elastin
connective tissue proteins [6]. In fact, BAPN is described as a potent and irreversible
non-specific LOX inhibitor, which also has an affinity for other amine oxidases [54].

LOX inhibitory activity of BAPN was evaluated in an assay developed in rats [55].
The authors found that doses of BAPN ranging from 1 to 40 mg per 100 g bw were efficient
in inhibiting LOX activity from 6 and up to 48 h. They also studied the kinetics of both
BAPN and its major metabolite, the cyanoacetic acid (CAA), in the same model. After a
single intraperitoneal dose, most of the BAPN was excreted unchanged in the urine, while
the rest was metabolized slowly in CAA [55].

Tang et al. (1983) [56] suggested a possible mechanism for the interaction between
BAPN and LOX. By using BAPN with isotopically labeled carbons, the authors found
that this molecule covalently binds to LOX to equivalent extents and in parallel with the
development of inactivation, without the elimination of nitrile moiety. The copper of
the enzyme is not altered upon interaction with BAPN, and BAPN is not processed to a
free aldehyde product. The suggested inhibition mechanism involves the formation of a
covalent bond between an enzyme nucleophile and a ketenimine formed from BAPN.
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This LOX inhibitor has shown anticancer properties in several in vitro and in vivo
models of different cancer types. For example, Yang et al. (2013) [57] demonstrated
that BAPN (500 µM) blocked the hypoxia-induced invasion and migration capabilities
of cervical cancer cells. Zhao et al. (2019) [58] have shown that the inhibition of LOX
by BAPN in BGC-823 gastric cancer cells inhibits the expression and activity of matrix
metalloproteinases 2 and 9.

Regarding the effects of BAPN in breast cancer, Cohen et al. (1979) [59] used rats with
breast tumors induced by 7,12-dimethylbenzanthracene. The authors found that BAPN
inhibited the collagen cross-link and promoted an 82% decrease in tumor formation and a
significant reduction in tumor volume. In another experiment, luciferase-expressing breast
cancer cells (MDA-MB-231-Luc2) were injected in mice to explore the effects of BAPN
in invasion to other organs [60]. The results show that BAPN reduced the appearance
of metastases. The number of metastases was decreased by 44%, and 27%, when BAPN
treatment was initiated the day before or on the same day as the intra-cardiac injection of
cancer cells, respectively. However, BAPN showed no effect on the growth of established
metastases. The authors concluded that LOX inhibition might be a useful strategy for
metastasis prevention [60].

Another potential use of BAPN and LOX inhibitors was suggested by Rachman-
Tzemah et al. (2017). Increased LOX activity and expression, fibrillary collagen cross-
linking, and focal adhesion signaling observed after breast tumor resection contribute to
increasing the risk of lung metastases [61]. LOX pharmacological inhibition using BAPN
or an anti-LOX antibody prior to surgical intervention was able to reduce lung metastasis
after surgery and increased animal survival in a murine model of breast cancer [61].

Despite the interesting results obtained with BAPN, this molecule lacks suitable sites
for chemical modifications [62]. This fact does not facilitate the preclinical optimization.
Conversely, novel classes of LOX enzyme inhibitors do not present this drawback, making
it an advantage in drug discovery, as described in the subsequent sections.

7.2. Copper Chelators

Cox, Gartland, and Erler (2016) [63] proposed an indirect approach for LOX inhibition,
using tetrathiomolybdate (TM). This is a potent copper chelator that targets the catalytic
activity of LOX by binding to copper and depleting it. Copper has a significant influence
on the functional activity of LOX, although it does not directly interfere with its expression
levels. In preclinical studies, tetrathiomolybdate showed antiangiogenic activity, antifi-
brogenic and anti-inflammatory actions. A recent study found that copper was elevated
in fibrotic kidney tissue and such increase promoted LOX activity and extracellular col-
lagen cross-linking [64]. Copper chelation by TM leads to a decrease in activated LOX
protein [64].

Another copper chelator initially suggested to be a LOXL2 inhibitor is D-penicillamine
(D-pen) [65]. Contrarily to BAPN, D-pen structure has a secondary amine [32]. D-pen
drastically inhibits rhLOXL2 activity at a concentration of 10 µM [52]. However, despite
some conflicting data regarding its mechanism of action, as a copper chelator, D-pen is
considered a non-selective inhibitor of LOXL2 enzyme (reviewed in [32,65]). In an ortho-
topic breast cancer mouse model, D-pen showed no effect on tumor growth rate. However,
mice bearing tumors treated with D-pen displayed fewer lung and liver metastases than
untreated mice [52]. Accordingly, in a transgenic breast cancer model, D-pen treatment led
to a decreased development of lung metastases when compared to control mice [52].

Despite some encouraging results obtained with TM and D-pen, the chelation of
cooper is not selective for LOXL2 or even for enzymes of the LOX family. Since copper
ions play a part in several biological processes and are implicated in different enzymatic
reactions [66], the use of such chelators will likely disturb other biological functions.
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7.3. LOX/LOXL2 Selective Inhibitors

Following the discovery of BAPN, some compounds have been developed with LOX
and LOXL2 inhibitory activity and favorable pharmacokinetics parameters. However,
targeting LOXs with specific small molecule inhibitors presents a challenge due to the lack
of crystalline structures, since only the LOXL2 crystalline structure is available.

The LOXL2 inhibitors PXS-S1A and PXS-S2A are haloallylamine-based molecules (the
structures are not disclosed) [67]. PXS-S1A is a first-generation LOX inhibitor that exhibits
an identical activity and selectivity when comparing to BAPN. The pIC50 values against
LOXL2 are 6.8 ± 0.2 for PXS-S1A and 6.4 ± 0.1 for BAPN, and the two compounds also
have similar pIC50 values when tested against the native human LOX enzyme. PXS-S1A
allows for structural modifications that can be introduced to improve the inhibiting potency
of LOX/LOXL2, thus leading to significant increases in selectivity. Chemical modifications
of PXS-S1A led to the development of PXS-S2A, a potent and specific inhibitor of LOXL2
(pIC50 = 8.3 M). The discovery of PXS-S2A established the basis for dissecting the functional
role of LOXL2 in the progression of solid tumors such as breast cancer [67]. These two
LOX/LOXL2 inhibitors reduced the in vitro 2D and 3D proliferation of the breast cancer
cell line MDA-MB-231 in a dose-dependent way [67]. This cell line has a high level of
LOXL2 expression. Although authors also describe a significant impairment in 2D and
3D cell motility, the assays were performed under similar conditions to those that lead
to a reduction in cell proliferation. Thus, implying that the observed reduction in cell
motility may also be partially due to the reduced cell proliferation of cells treated with
the compounds. Importantly, the authors observed a clear reduction of in vivo ortho-
topic MDA-MB-231 primary tumor volume and tumor cell proliferation upon treatment
with PXS-S1A and PXS-S2A [67]. All the above-mentioned inhibitory effects were more
pronounced for PXS-S1A when compared with PXS-S2A.

Another class of LOXL2 inhibitors is the patented collection of diazabicyclo[3.2.2]nonanes
with a des-primary amine group. Compounds of this class were tested in a transgenic
mouse breast cancer model and led to a reduction in the formation of lung metastases
(reviewed in [32]).

PAT-1251 (Figure 5) was the first small molecule that acts as an irreversible LOXL2
inhibitor to advance to clinical trials (see Section 7.5). This compound is a potent and
highly selective oral LOXL2 inhibitor that is based on a benzylamine with 2-substituted
pyridine-4-ylmethanamines [65,68].

Epigallocatechin gallate (EGCG) is a trihydroxyphenolic compound that was sug-
gested as a dual inhibitor of LOXL2 and transforming growth factor-β1 (TGFβ1) receptor
kinase [69,70]. This compound induces the auto-oxidation of a LOXL2/3–specific lysine
(K731) in a time-dependent manner that inhibits LOXL2 irreversibly [69]. ECGC attenu-
ates TGFβ1 signaling and collagen accumulation and was thus suggested as a possible
therapeutic approach against fibrotic diseases [69,70].

Besides small molecules, the LOXL2 inhibiting strategies developed so far also include
biological drugs. The anti-LOXL2 functional antibody named Simtuzumab is an IgG4 hu-
manized monoclonal antibody, that is a non-competitive inhibitor of extracellular LOXL2
via allosteric inhibition by binding to the fourth SRCR domain. This antibody revealed
beneficial effects in various preclinical models of fibrosis and cancer [52,71]. Moreover,
Simtuzumab has been evaluated in several clinical trials, as detailed in Section 7.5. While
Simtuzumab targets noncatalytic regions of LOXL2, Grossman et al. (2016) [72] developed
specific antibodies that targeted the active site of this enzyme. Among those, the antibody
clone designated GS341 displayed binding affinity to LOXL2 at the subnanomolar range
and prevented the assembly of linear collagen fibers, producing visible variations in fibril-
lary collagen morphology. The GS341antibody was evaluated in a breast cancer xenograft
model using MDA-MB-231 cells into immunocompromised SCID mice. Treatment with
GS341 resulted in a decrease in tumor volume and in the number of lung metastases. In
addition, the tumor fibrils in the GS341-treated animals were thinner when compared with
the vehicle-treated ones [72].
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7.4. Dual LOX/LOX-L Inhibitors

The small molecule PXS-5153A (Figure 5) demonstrated complete and irreversible
enzyme inhibition for LOXL2 and LOXL3, unlike Simtuzumab or PAT-1251 (Figure 5). This
innovative molecule is thus a useful tool to better understand the impact of LOXL2/LOXL3
activity in fibrotic diseases [73]. It interacts with the LTQ cofactor in the enzymatic pocket of
LOXL2 and LOXL3, and after fluoride elimination, leads to a covalently bound enzyme in-
hibitor complex [73]. In vitro, PXS-5153A reduced LOXL2-mediated collagen oxidation and
cross-linking, in a concentration-dependent manner. This dual LOXL2/LOXL3 inhibitor
has shown beneficial effects in models of liver fibrosis and myocardial infarction [73].

Leung et al. (2019) [74] developed an orally bioavailable LOX inhibitor named
CCT365623 (Figure 5). This is an aminomethylenethiophene (AMT) based inhibitor, which
helped to elucidate the mechanisms by which LOX drives tumor progression. The AMT
inhibitors are selective for LOX/LOXL2 and led to a significant reduction in tumor growth
and metastases in an in vivo model of transgenic LOX-dependent breast tumor mice [74].
In another study, a substantial reduction of the growth of primary and metastatic tumors
of MMT-PyMT breast transgenic model was observed when animals were treated daily
by oral gavage with 70 mg kg−1 of CCT365623 [75]. This effect was ascribed to the ability
of this small molecule to disrupt epidermal growth factor receptor (EGFR) cell surface
retention. Thus, demonstrating the potential of this orally delivered inhibitor to reduce
breast cancer progression.

Taking AMT compounds as a starting point, several systematic modifications were
introduced to a hit molecule identified by high-throughput screen (HTS), leading to sub-
micromolar IC50 inhibitors with desirable selectivity and pharmacokinetic properties [62].
The 2,5-substituted thiophene core was replaced with other five-membered heterocyclic
rings. However, only a 2-aminomethylene-5-sulfonyl thiazole core maintains activity,
where the naphthalenesulfonyl-substituted thiazole 2 showed a LOX inhibition compa-
rable to that of the analogous thiophene compound 1 (Figure 5). For the active thiazole
compound 2, a modest increase in potency toward LOXL2 inhibition was observed, ren-
dering this compound equipotent against LOX and LOXL2 isoforms. These important
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observations allowed the development of 2-aminomethylene-5-sulfonylthiazoles (AMTz)
as dual LOX/LOXL2 inhibitors. Overall, the introduction of a thiazole core led to the
improvement of the potency toward LOXL2 inhibition via an irreversible binding. These
dual inhibitors exhibit good pharmacokinetic properties [62]. An in vivo study was carried
out using a spontaneous breast cancer genetically engineered mouse model in order to
assess the efficacy of an AMTz compound. A delay in primary tumor development, as
well as a significant reduction in tumor growth rate, was observed in treated animals when
comparing with controls [62].

Overall, an important motif that has been maintained in the majority of the small
molecules successfully developed as LOXL2 inhibitors is a primary amine. This chemical
motif competes with lysine in the direct interaction and reaction with the LTQ cofactor in
the active site of LOXL2, allowing for specific binding to this enzyme [32].

7.5. Clinical Use of LOX Inhibitors

Specific targeting of LOX enzymes for the treatment of breast cancer and metastases
seems to offer a significant promise with reduced risk. In mouse models treated with
specific anti-LOX therapies, no adverse effects were observed. However, it remains to be
thoroughly explored whether this would pertain to the patient setting [63].

Lysyl oxidase-like 2 inhibitors are already in phase II clinical trials for fibrotic diseases,
heart failure, glaucoma, oncological and angiogenic diseases. The antibody Simtuzumab is
an IgG4 humanized monoclonal antibody, that acts a non-competitive inhibitor of extra-
cellular LOXL2 via allosteric inhibition by binding to the fourth SRCR domain [76]. This
antibody has reached phase II clinical trials for several conditions related with fibrosis,
including idiopathic pulmonary fibrosis, primary sclerosing cholangitis, hepatic fibrosis,
compensated cirrhosis, and myelofibrosis (a fibrosis-related blood cancer) [32,77,78]. In the
field of oncology, phase II clinical trials were also conducted with Simtuzumab in conjunc-
tion with gemcitabine for patients with pancreatic cancer [79]. Another phase II clinical
trial was done with a combination of Simtuzumab and FOLFIRI (folinic acid, fluorouracil,
and irinotecan) in patients with KRAS mutant colorectal cancer [80]. Simtuzumab was
generally well tolerated in these clinical trials, with frequencies of adverse effects similar
between treatment and control groups [32]. However, the clinical benefits observed were
limited and some studies stopped due to lack of efficacy [32,77]. The failure of these clinical
trials may be ascribed to the fact that Simtuzumab only targets extracellular LOXL2 [32].
As mentioned above, LOXL2 intracellular mechanisms are critical for cancer progression.
Therefore, targeting this enzyme by a small molecule with the ability to block both intra-
and extracellular LOXL2 would be a more effective approach to fight cancer progression
and metastases.

The orally administered small molecule PAT-1251, currently designated as GB2064,
concluded phase I clinical trials in healthy participants [81]. A phase IIa study designed to
evaluate its safety, tolerability, pharmacokinetics and pharmacodynamics in participants
with myelofibrosis is planned and results are expected by 2022 [82]. PXS-5382A, another
orally administered LOXL2 inhibitor, completed a phase I pharmacokinetic study in healthy
adult males in 2020 [83]. By the time this review was written, no results were publicly
available yet.

The pan-lysyl oxidase inhibitor PXS-5505 demonstrated an excellent safety profile
and was well tolerated in healthy male volunteers [84]. An open-label phase I/IIa study
is now planned to assess the safety and tolerability of PXS-5505 in patients with primary,
postpolycythemia vera or post-essential thrombocythemia myelofibrosis. The results of
this study are expected by 2023 [85].

An early phase I clinical trial to evaluate EGCG is currently recruiting participants.
The first part of the study will determine the pharmacokinetic profile of orally given EGCG
in normal volunteers. In the second part of this study, lung biopsy fragments and urine
samples from patients with interstitial lung disease treated with EGCG will be analyzed to
assess the specific inhibition of LOXL2 and TGFbeta1 signaling [86].
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Copper chelators, namely D-penicilamine and TM, have also been studied in phase
I and phase II clinical trials for different diseases, including fibrotic and oncological con-
ditions [87,88]. As far as breast cancer is concerned, a phase II study of TM is currently
ongoing in patients with breast cancer at moderate to high risk of recurrence [88]. However,
as mentioned in Section 7.2, this approach does not provide a selective LOX inhibition, as
multiple pathways will be affected by the chelation of copper.

Despite the different clinical trials focused on LOX inhibitors, clinical data in breast
cancer remain essentially inexistent. Small molecule inhibitors are likely to provide better
efficacy than the anti-LOXL2 antibodies strategy, as they may target both intra- and extra-
cellular LOXL2. However, their clinical development is at a much earlier stage than the
biological approach. In the upcoming years, we expect to obtain more detailed information
on the pharmacokinetics and safety profiles of small molecule LOXL2 inhibitors. These data
will be determinant for the progress of LOXL2 inhibitors development and may support
the design of clinical trials in breast cancer patients.

8. Conclusions

LOX enzymes, and specifically LOXL2, are critical for cancer progression and metas-
tases. The inhibition of this enzyme was suggested as a promising therapeutic strategy
for oncological diseases, including breast cancer. Various synthetic compounds have been
studied as having LOX enzymes/LOXL2 inhibitory activities and favorable pharmacoki-
netics parameters. Although the clinical studies focused on this approach are still very
scarce, the preclinical data is encouraging. More studies are needed to develop effective
inhibitors. Given the importance of LOX enzymes to the formation of conjunctive tissue,
its systemic inhibition may have undesirable side effects. Therefore, adequate pharmacoki-
netics properties, selectivity, and delivery systems are needed. The combination of LOX
enzyme inhibitors with standard anticancer treatments is another approach that should be
further explored in future studies.
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