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Abstract. The lysyl oxidase (LOX) family is comprised of five 
members, and some members have recently emerged as impor-
tant regulators of tumor progression. Among these, at present, 
LOX‑like  (LOXL)2 is the prototypical LOX and the most 
comprehensively studied member. A growing body of evidence 
has implicated LOXL2 in the promotion of cancer cell inva-
sion, metastasis and angiogenesis, as well as in the malignant 
transformation of solid tumors. Moreover, a high expression of 
LOXL2 is associated with a poor prognosis. These data have 
piqued the interest of a number of researchers and research 
groups, who have identified LOXL2 as a strong target candidate 
in the development of inhibitors for use as functional and effi-
cacious tumor therapeutics. In the present study, we summarize 
the recent progress made regarding LOXL2, mainly focusing 
on its function and mechanisms of action in tumor progression 
and metastasis. In this review, we note that LOXL2 promotes 
tumor progression possibly by activating multiple signal 
pathways through a variety of mechanisms, both biochemical 
and biomechanical. The data presented herein may open new 
avenues for the therapeutic utility of LOXL2.
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1. Introduction

LOX-like (LOXL)2 is a member of the lysyl oxidase (LOX) 
family, which is comprised of five members, the prototypical 
LOX and four related members, LOXL1‑4. It is a secreted 

copper-dependent amine oxidase, and its main role is to 
catalyze the covalent cross‑link of collagen and elastin in 
the extracellular matrix  (ECM). This occurs through the 
oxidative deamination of peptidyl lysine residues in ECM 
components  (1,2). Each member of the LOX family has a 
highly conserved carboxyl (C)‑terminal domain that contains a 
copper‑binding motif, lysine tyrosylquinone (LTQ) residues and 
a cytokine receptor‑like (CRL) domain, which is essential for 
catalytic activity (3). The amino‑terminal regions are different 
and are thought to be important in protein‑protein interactions. 
The prodomains in LOX and LOXL1 enable their secretion 
as inactive proenzymes, which are then activated extracel-
lularly. However, LOXL2, LOXL3 and LOXL4 contain four 
scavenger receptor cysteine‑rich (SRCR) domains instead of a 
pro-sequence, and SRCR domains are thought to be involved in 
protein‑protein interactions at the N‑terminal region (4), and in 
the ligand binding of both soluble proteins and membrane‑bound 
protein receptors  (5,6). Due to similarities in the domain 
arrangement, LOX and LOXL1 represent one LOX subfamily, 
whereas LOXL2‑4 constitute another LOX subfamily (Fig. 1).

In addition, the presence of various protein domains in LOX 
family members suggests their involvement in multiple biolog-
ical functions beyond ECM stabilization. Although all members 
are involved in different stages of tumor progression (7), and 
have a high sequence homology, the precise molecular func-
tions of LOXL1, LOXL3, LOXL4 are not yet fully understood. 
Previous studies on LOXL2 in tumors have, however, made 
some progress: LOXL2 is currently thought to be involved 
in developmental regulation, cell adhesion, senescence, cell 
migration and invasion, metastasis, epithelial‑mesenchymal 
transition (EMT) and malignant transformation (4,7,8). In this 
review, we summarize the broader areas of the progress made 
in relation to LOXL2, particularly its functions and mecha-
nisms of action in tumors.

2. Functions of LOXL2 in cancer

LOXL2 may be a tumor suppressor. The human LOXL2 gene 
is located on chromosome 8p21‑22, and is initially synthesized 
as an 87‑kDa proenzyme of 774 amino acids. In 1997, the 
LOXL2 gene was originally identified as a downregulated tran-
script in various non‑adherent tumor cell lines when compared 
to adherent tumor cell lines (9). Subsequently, several studies 
have also identified LOXL2 as a downregulated transcript in cell 
lines and tumors. Investigations into the function of LOXL2 have 
indicated that the gene is a candidate for tumor suppression (7). 
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There are several reports that support a role for LOXL2 as a 
tumor suppressor. A nearly 60‑fold decrease in LOXL2 mRNA 
expression was found to have occurred in RAS‑transformed rat 
fibroblasts (10). The study by Rost et al (11) demonstrated that 
the downregulation of LOXL2 mRNA expression was observed 
in several cell lines and tissue samples of head and neck squa-
mous cell carcinoma (HNSCC). Via a large‑scale serial analysis 
of gene expression, downregulated LOXL2 expression was 
also observed in ovarian tumors (12,13). Recently, a study on 
non‑small cell lung cancer (NSCLC) by Zhan et al (14) revealed 
that, compared with the surrounding normal tissues, LOXL2 
mRNA and protein expression levels were downregulated 
in tumor samples from patients with NSCLC. However, the 
upregulation LOXL2 of expression has been reported in breast, 
colon, esophageal and pancreatic carcinoma cell lines, and 
gastric cancer (15,16‑18). Despite being classed as a secreted 
protein, LOXL2 has been shown to have both intracellular and 
extracellular functions, and can induce EMT. These seemingly 
opposing reports suggest that LOXL2 has complex and para-
doxical roles and may function both as a tumor suppressor and 
promoter of metastasis, depending on its localization and tumor 
type, and also has the ability to induce EMT (19).

LOXL2 promotes invasion and metastasis in cancer. In contrast 
to the above-mentioned findings, it has been reported by several 
groups that the mRNA and protein levels of LOXL2 are 
increased in invasive or metastatic breast, pancreatic and liver 
carcinoma cell lines (17,20,21). LOXL2 has been character-
ized as a promoter of tumor cell invasiveness (22). Moreover, 
in immunocompetent or immunocompromised orthotopic and 
transgenic breast cancer models, the genetic, chemical or anti-
body‑mediated inhibition of LOXL2 has been shown to result 
in decreased metastasis (15). These studies and the emerging 
evidence suggests that in these situations, LOXL2 may function 
as a promoter of invasion and metastasis rather than a tumor 
suppressor.

In 2009, Brekhman and Neufeld (23), using a novel asym-
metric 3D in‑vitro invasion assay and a quantitative analysis of 
the directional invasive behavior of tumor cells in a 3D envi-

ronment mimicking the tumor microenvironment, found that 
the inhibition of endogenous LOXL2 expression in several 
types of tumor cells strongly inhibited their invasiveness, and 
further demonstrated that LOXL2 was a potent inducer of 
invasiveness. In 2013, a study by Ahn et al (20), using an immu-
nohistochemical study of tissue specimens from 309 patients 
with breast cancer and reverse transcription polymerase chain 
reaction (RT‑PCR) analysis of human breast cancer cell lines, 
confirmed that a higher LOXL2 expression was associated with 
the invasiveness of basal‑like breast cancer cells and lower 
survival rates of breast cancer patients. Subsequently, in 2014, 
Wong et al (21), integrating the clinical relevance, molecular 
regulation and functional implications, demonstrated that 
LOXL2 promoted intrahepatic metastasis and extrahepatic 
metastasis. The relevant mechanisms are discussed below and 
are summarized in Fig. 2.

Figure 1. Structure of lysyl oxidase (LOX) family members. All members are highly conserved at their C‑ terminal mature domains, including the copper binding 
site (Cu+), the lysine tyrosylquinone (LTQ) cofactor residues, and the cytokine receptor‑like (CRL) domain, but their N‑terminal pro‑peptides are variable and 
may play a role in substrate specificity and function. LOX and LOXL (lysyl oxidase-like)1 contain pro-sequences, especially the proline‑rich region in LOXL1. 
LOXL2‑4 contain four scavenger receptor cysteine‑rich (SRCR) domains that are thought to be involved in protein‑protein interactions. Si, signal peptide.

Figure 2. Lysyl oxidase-like (LOXL)2 regulates multiple signaling networks 
in cancer. Its action is associated with invasion, metastasis and angiogenesis 
in tumors. FAK, focal adhesion kinase; PI3K/AKT, phosphatidylinositol 
3‑kinase/protein kinase B; HIF1α, hypoxia-inducible factor 1α; VEGF, vascular 
endothelial growth factor; EMT, epithelial‑mesenchymal transition.
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LOXL2 promotes cancer‑associated fibrosis. Fibrosis may 
play a role in tumor progression by promoting cell transfor-
mation and metastasis directly  (24). Several studies on the 
extracellular functions of the LOX family in physiological and 
pathological processes have found that the LOX family plays 
a critical role in organs containing fibrillar collagen and/or 
elastic fibers, such as the skin, lungs, the cardiovascular system, 
cartilage, and the fibrous lamina propria in the small intestines 
and stomach (25-27). For example, when LOXL1 is knocked 
down, normal elastic fibers are not deposited in the uterine 
tract postpartum, and mice lacking LOXL1 develop pelvic 
organ prolapse, enlarged air spaces in the lungs, loose skin and 
vascular abnormalities with concomitant tropoelastin accumu-
lation (27). In clinical practice, a reduced LOX activity owing to 
the diminished availability of copper, was found in two X‑linked 
recessively inherent disorders, Menkes disease and occipital 
horn syndrome (28). The above-mentioned findings indicate 
that LOXL2 promotes fibrosis. Indeed, accumulating copper 
upregulates the expression of LOXL2 in Wilson's disease, and 
then leads to liver fibrosis (29). In fibrotic processes, an exces-
sive deposition of collagen in particular, changes the physical, 
biochemical and biomechanical matrix properties, which even-
tually leads to defective organ function and organ failure (30). 
Moreover, targeting LOXL2 with an inhibitory monoclonal 
antibody (AB0023) has been shown to be efficacious in both 
primary and metastatic xenograft models of cancer, as well as 
in models of liver and lung fibrosis (31).

LOXL2 is a prognostic marker for cancer. LOXL2 was, for 
the first time, described as a prognostic marker for laryngeal 
squamous cell carcinomas (32). Peinado et al (32) examined the 
protein expression of LOXL2 by immunohistochemistry in a 
cohort of 256 human laryngeal squamous cell carcinomas, and 
found that increased expression of LOXL2 correlated with local 
recurrence, and moreover, that high levels of LOXL2 were associ-
ated with decreased overall and disease‑free survival in patients 
with laryngeal squamous cell carcinomas, lung squamous cell 
carcinoma and lymph node‑negative (N0) breast adenocarci-
nomas. Subsequently, several studies demonstrated that the 
high expression or overexpression of LOXL2 correlated with 
a poor prognosis and decreased survival in gastric cancer (18), 
colon tumor (16,33), basal‑like breast carcinoma (34), pancreatic 
carcinoma (17) and hepatocellular carcinoma (21).

3. Mechanisms of action of LOXL2 in cancer

LOXL2 promotes the activation of focal adhesion kinase (FAK)/ 
Src in cancer. The involvement of LOXL2 in tumor cell inva-
sion and metastasis provides a powerful intervention tool 
for the prevention of tumor cell dissemination. A previous 
study on the underlying mechanisms through which LOXL2 
contributes to tumor progression demonstrated that LOXL2 
expression promotes the activation of associated Src kinase 
and FAK, and leads to the activation of associated downstream 
signaling cascades (18). Indeed, studies have suggested that Src 
and FAK are activated via LOX‑mediated increased collagen 
crosslinking, resulting in increased matrix stiffness, which is 
affected by transmembrane integrins that then stimulate the 
downstream activation of FAK and Src (35,36). In addition, the 
activation of Src and FAK increases tumor cell proliferation 

and invasion and is related to the formation of distant metas-
tasis (18,35,36). Moreover, using anti‑LOXL2 antibody has 
been shown to suppress the activity of FAK and Src, and to 
prevent gastric cancer metastases, thus confirming the mecha-
nisms of action of LOXL2 (18).

LOXL2 increases the expression of vascular endothelial 
growth factor (VEGF) in cancer. Angiogenesis contributes 
to primary and metastatic cancer growth, and it is necessary 
for tumor progression (37,38). The VEGF signaling pathway 
plays a key role in promoting angiogenesis, not only under 
normal conditions, but also in tumor pathogenesis. Thus, 
it has become a major intervention tool in targeted cancer 
therapy (39,40). A study on the effects of LOX expression on 
tumor‑driven angiogenesis, demonstrated that the regulation of 
VEGF mRNA and protein expression is carried out through 
the platelet‑derived growth factor β (PDGFRβ)‑mediated acti-
vation of protein kinase B (Akt) (41). In clinical practice, the 
use of angiogenesis inhibitors (bevacizumab and sunitinib) or 
PDGFβ‑ or Akt‑mediated signaling inhibitors, has been shwon 
to prevent the LOX‑mediated increase in VEGF mRNA and 
protein expression, and to abrogate the LOX‑mediated stimula-
tion of endothelial cells both in vivo and in vitro (41). Moreover, 
a recent report suggested that the inhibition of LOXL2 activity 
inhibits angiogenesis in part by affecting VEGF signaling in 
endothelial cells (42).

LOXL2 and hypoxia-inducible factor‑1α (HIF‑1α) reinforce 
each other in cancer. Several human cancers contain hypoxic 
regions. Tumor cells adapt to hypoxic environments better 
than normal cells (43). Under hypoxic conditions, the hypoxia 
transcription factor, HIF‑1α, binds to the hypoxia responsive 
element  (HRE) in the promoter region of numerous target 
genes, including LOX and LOXL2 (44,45). A previous study 
using chromatin immunoprecipitation  (ChIP) with rabbit 
polyclonal antiserum to HIF‑1α suggested that LOXL2 is also 
significantly affected by HIF‑1α (46). LOX overexpression 
increases HIF‑1α expression under hypoxic conditions; the 
LOX-induced increase in HIF‑1α expression means they rein-
force each other to promote tumor progression (47); tumor cells 
have greater proliferative, invasive and metastatic abilities and 
express higher levels of LOX or LOXL2 (23,46). The tumor 
hypoxic environment can also drive LOXL2 to be involved 
in angiogenesis. During angiogenesis, LOXL2 contributes to 
the reorganization of collagen and fibronectin associated with 
ECM remodeling by HIF‑1α (48).

LOXL2 is associated with phosphatidylinositol 3‑kinase (PI3K)/ 
Akt in cancer. A previous study (47) suggested a mechanism of 
LOX, namely that it regulates H2O2 production, a by‑product 
of the enzymatic reaction, and activates the signaling pathway 
of PI3K/Akt, then increases HIF‑1α protein synthesis; thus 
LOX production further constitutes a positive regulation loop 
and promotes tumor proliferation. In a breast cancer model, 
LOX‑mediated H2O2 production has also been shown to partic-
ipate in the activation of Src and FAK (49). Indeed, FAK and 
Src are upstream signaling cascade components of PI3K (50). 
LOXL2 can also produce H2O2 on the regeneration of catalytic 
activity and the presence of H2O2 can promote Src and FAK 
activation (18).
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LOXL2 drives EMT in cancer. EMT, an essential process in 
development, is described as a key event in tumor progression, 
facilitating the dissociation of cancer cells from the primary 
tumors concomitant to the acquisition of cell migration that 
provides tumor cells with the ability to invade into the adjacent 
tissues (51). Moreover, EMT is considered to be relevant for 
other stages of the metastatic cascade, such as intravasation or 
extravasation (52). EMT is currently considered as a focal and 
transient event occurring at specific tumor regions and being 
perhaps more relevant to specific tumor types (51‑53). Indeed, 
LOXL2 is originally described as affirmatively promoting 
EMT inducer Snail1 stability and functional activity, driving 
EMT and tumor progression through the downregulation 
of E‑cadherin expression at the transcriptional level (54). A 
previous study reported that LOXL2 also mediates EMT 
through a Snail1‑independent mechanism, related to the 
downregulation of epidermal differentiation and cell polarity 
components (34). Recently, Cuevas et al provided evidence that 
catalytically inactive LOXL2 mutants, one of them unable to be 
secreted, induce and sustain a full EMT process, indicating that 
intracellular LOXL2 drives EMT independent of its enzymatic 
activity (55). All the above-mentioned data support the hypoth-
esis that LOXL2 induces EMT.

Of note, previous studies have demonstrated that some 
factors trigger EMT by activating the PI3K/Akt signaling 
pathway (56-58), and thus, LOXL2 can also possibly induce 
EMT through PI3K/Akt. Thereby, LOXL2 promotes tumor 
progression possibly by activating multiple signal pathways 
through a variety of mechanisms, both biochemical and biome-
chanical. Thus, we propose that the mechanisms of action of 
LOXL2 are applicable to many common cancer models (Fig. 2), 
meaning that solid tumors have a high commonality.

4. Future perspectives

A malignant tumor is frequently diagnosed at an advanced 
stage, as a result of tumor cell invasion and metastases, and 
is usually indicative of a poor prognosis for patients. The 
diagnosis of advanced stage of carcinoma is a devastating 
experience for both patients and their families. The important 
role of LOXL2 in a number of common tumors is unquestion-
able. Its effects on cell invasion, metastasis, and the induction 
of angiogenesis and malignant transformation have increased 
its viability as a possible target for therapeutic intervention. 
For instance, a study group from California demonstrated that 
a monoclonal antibod  (AB0023) against LOXL2 was effica-
cious in both primary and metastatic xenograft models (31). 
Moreover, AB0024, which is a novel humanized LOXL2 
antibody, has already entered phase I clinical trials in patients 
with solid tumors (ClinicalTrials.gov.)  (59). Even though 
some molecular‑targeted drugs have been developed, their 
effects have not yet reached our expectations. Therefore, more 
comprehensive studies are warranted to broaden our under-
standing of the mechanisms through which LOXL2 modulates 
the cancer microenvironment and exerts its promoting effects 
on cancer progression and metastasis, and to develop novel 
anticancer therapeutics. Although the future is full of chal-
lenges, the development of inhibitors targeting LOXL2 brings 
us hope that effective treatments for primary and metastatic 
tumors will be feasible in the near future.
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