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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. LOXL?2 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 (B-aminopropionitrile) was the first compound described as a LOX inhibitor and was obtained from a

natural source.

breast cancer cell invasion lysyl-oxidase lysyl-oxidase like 2 metastases inhibitors

| 1. Introduction

LOX (lysyl 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) L2, 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 Bl 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.

| 2. 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 [4)). 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 [4)). 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 2l and contributes to the induction of EMT, i.e., cells undergo biochemical,
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molecular, and morphological modifications, which give them a greater capacity to migrate, invade, and resist

apoptosis (€,

In breast, nasopharynx, gastric, pancreatic, pulmonary, renal, lung, ovarian, and thyroid cancers, lysyl oxidase and
collagen were found to influence the architecture of the ECM, creating a favorable microenvironment for tumor
development and progression B, |eeming et al., 2019 B 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 &l A study from
Janyasupab et al. (2016) & measured LOXL2 levels in human serum, plasma, and urine. The researchers found
differential LOXL2 concentrations in patients with breast cancer (= 2.7 uM in blood; = 40 uM in urine), when

compared to the cancer-free individuals (= 0.6 uM in blood; = 25 uM 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 19, 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 [11l. 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 12, as depicted in Figure 1.
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Figure 1. Intracellular and extracellular pathways involving LOXL2 in cancer metastasis-related processes. Akt,
protein kinase B; EMT, epithelial-mesenchymal transition; FAK, focal adhesion kinase; PI3k, phosphoinositide 3-

kinases; SNAIL, zinc finger protein; Src, proto-oncogene tyrosine-protein kinase Src. Adapted from L1221,

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 (1],

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 131 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 (14 | OXL2 is also a vital
prolymphangiogenic molecule and affects the function of lymphatic endothelial cells (LEC), both in vitro and in vivo
15 The lymphangiogenesis process is critical for breast cancer malignancy and is associated with reduced

survival of breast cancer patients 12,
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| 3. LOXL2 and Breast Cancer

A bioinformatics study, aimed at identifying potential prognostic marker genes associated with breast cancer
progression, identified and validated eight candidates [18l. One of those genes was LOXL2, that was particularly
relevant in the luminal subtype.

Kirschmann et al. (2002) (17 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 18,

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 show increased LOXL2 expression, located intracellularly
in the cytoplasm and cell nuclei, and extracellularly in the ECM 1220 immunohistochemical studies demonstrated
that approximately 60% of basal breast carcinomas have increased intracellular LOXL2 with perinuclear
distribution, associated with mRNA overexpression 9. In addition, there is an increase in LOX expression in
metastatic tissues compared with primary tumors 1. Using immunohistochemistry, Ahn et al. (2013) [8
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) 18],

A retrospective study found that patients with ER-negative tumors expressing high levels of LOXL2 mRNA have a
poorer prognosis (2. This study also showed that LOXL2 expression significantly correlated with decreased overall
survival and metastasis-free survival 2],

Triple-negative breast cancer (TNBC) is strongly related with metastatic disease and represents 15% of breast
cancer cases [22l. Previous studies have found that the expression of both LOX 22l and LOXL2 28 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 22!,

Barker et al. (2011) [21 demonstrated that the inhibition of LOXL2 by genetic, chemical, or antibody-mediated tools
leads to a decrease in metastases in in vivo models [l 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 211,

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 [24],
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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.

| 4. LOX Inhibitors
4.1. B-Aminopropionitrile (BAPN)

As mentioned before, BAPN was the first LOX inhibitor to be identified. BAPN inhibits intramolecular and
intermolecular covalent cross-linking of collagen and elastin connective tissue proteins 28, In fact, BAPN is
described as a potent and irreversible non-specific LOX inhibitor, which also has an affinity for other amine

oxidases (28],

LOX inhibitory activity of BAPN was evaluated in an assay developed in rats [ZZ. 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 [27],

Tang et al. (1983) [28] 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.

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) 22 demonstrated that BAPN (500 uM) blocked the hypoxia-induced invasion and
migration capabilities of cervical cancer cells. Zhao et al. (2019) B2 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) 1 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 2. 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 321,
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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 23, 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 231,

Despite the interesting results obtained with BAPN, this molecule lacks suitable sites for chemical modifications
(341 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.

4.2. Copper Chelators

Cox, Gartland, and Erler (2016) 3 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, antifibrogenic and anti-
inflammatory actions. A recent study found that copper was elevated in fibrotic kidney tissue and such increase
promoted LOX activity and extracellular collagen cross-linking 28, Copper chelation by TM leads to a decrease in
activated LOX protein [2€],

Another copper chelator initially suggested to be a LOXL2 inhibitor is D-penicillamine (D-pen) B4, Contrarily to
BAPN, D-pen structure has a secondary amine 12, D-pen drastically inhibits rhLOXL2 activity at a concentration of
10 uM 21, 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 127y |n an orthotopic 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 [2Ll. Accordingly, in a transgenic breast cancer model, D-pen

treatment led to a decreased development of lung metastases when compared to control mice 24,

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 [28, the use of such chelators will likely disturb other biological functions.

4.3. LOX/ILOXL2 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) B2, PXS-S1A is a first-generation LOX inhibitor that exhibits an identical activity and selectivity when
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comparing to BAPN. The pICsq 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 plCsy 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 (pICsq = 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 22, These two
LOX/LOXLZ2 inhibitors reduced the in vitro 2D and 3D proliferation of the breast cancer cell line MDA-MB-231 in a
dose-dependent way 2. 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 orthotopic MDA-MB-231 primary tumor volume and tumor cell proliferation upon
treatment with PXS-S1A and PXS-S2A B2, 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 12)),

PAT-1251 (Figure 2) was the first small molecule that acts as an irreversible LOXL2 inhibitor to advance to clinical
trials. This compound is a potent and highly selective oral LOXL2 inhibitor that is based on a benzylamine with 2-

substituted pyridine-4-ylmethanamines 27149,
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Figure 2. Structures of PXS-5153A; PAT-1251; CCT365623; an aminomethylenethiophene (AMT), 5-(naphthalen-
2-ylsulfonyl)thiophen-2-yl)methamine 1; and a 2-aminomethylene-5-sulponylthiazole (AMTz), (5-(naphthalen-2-

ylsulfonyl)thiazol-2-yl)ymethanamine 2.
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Epigallocatechin gallate (EGCG) is a trihydroxyphenolic compound that was suggested as a dual inhibitor of
LOXL2 and transforming growth factor-B1 (TGFB1) receptor kinase 42l This compound induces the auto-
oxidation of a LOXL2/3-specific lysine (K731) in a time-dependent manner that inhibits LOXL2 irreversibly £,
ECGC attenuates TGFB1 signaling and collagen accumulation and was thus suggested as a possible therapeutic

approach against fibrotic diseases [£11142],

Besides small molecules, the LOXL2 inhibiting strategies developed so far also include biological drugs. The anti-
LOXL2 functional antibody named Simtuzumab is an IgG4 humanized 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 2143l Moreover,
Simtuzumab has been evaluated in several clinical trials. While Simtuzumab targets noncatalytic regions of LOXL2,
Grossman et al. (2016) 44! 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 fibrillary collagen morphology. The
GS34lantibody 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 441,
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